Introduction {#Sec1}
============

Interplanetary coronal mass ejections (ICMEs) are macro-scale structures that are fundamentally important in shaping the heliospheric plasma and magnetic field, and driving space weather disturbances. They originate from gigantic magnetized plasma clouds, coronal mass ejections (CMEs[1](#Fn1){ref-type="fn"}), which are launched from the Sun at a quasi-regular basis. These eruptions were first revealed with space-based optical coronagraphs in the 1970s (Tousey [@CR297]; Hildner [@CR119]) and defined as distinct white-light features propagating through the coronagraph's field-of-view in time-scales from a few minutes to hours (e.g., Munro et al. [@CR217]; Hundhausen et al. [@CR127]).Fig. 1(Left) A schematic of an ICME showing also the leading fast forward shock (arc), and the sheath region. The ICME shown here is depicted to have a flux rope structure, not always detected in-situ. (Right) Solar wind observations during an ICME from the ACE spacecraft located at the Lagrangian point L1. The panels show from top to bottom: the magnetic field magnitude, the longitude and latitude angles of the magnetic field in the Geocentric Solar Magnetospheric (GSM) coordinate system, and the solar wind speed. The blue dashed line marks the shock and the ICME is bounded by the pair of red lines

The existence of interplanetary plasma clouds was suggested already before the space era and before discovery of CMEs. These speculations stemmed from the attempts to explain geomagnetic disturbances (e.g., Lindeman [@CR184]; Chapman and Ferraro [@CR44]; Bartels [@CR16]) and so-called Forbush decreases in cosmic ray intensities (Forbush [@CR81]; Morrison [@CR211]; Cocconi et al. [@CR48]; Piddington [@CR235]). The first ICME observations emerged in the 1970s suggesting loop- or bubble-like structures behind interplanetary shocks (e.g., Hirshberg et al. [@CR120]; Gosling et al. [@CR105]; Palmer et al. [@CR229]). For a more detailed historical review on ICMEs, and their role in understanding solar---terrestrial relationships, we guide the reader to Gopalswamy ([@CR97]). Since the discovery of ICMEs an extensive fleet of spacecraft and instrumentation has monitored the solar wind and its transient structures. In particular, from the mid-1990s the spacecraft near the Lagrangian point L1 (e.g., Wind, ACE, SOHO and DSCOVR) have provided continuous observations of the near-Earth solar wind.

Figure [1](#Fig1){ref-type="fig"} shows a schematic picture and solar wind measurements during an ICME event. At the orbit of the Earth, the passage of an ICME past the observing spacecraft takes approximately one day, corresponding to a spatial structure of nearly one-third of the astronomical unit (AU). Signatures of ICMEs vary greatly, but on average, they are distinguished from the ambient solar wind by specific plasma, compositional and magnetic field signatures (e.g., Zurbuchen and Richardson [@CR330]; Wimmer-Schweingruber et al. [@CR319]). The ICME in Fig. [1](#Fig1){ref-type="fig"} is clearly identified from the ambient solar wind by the enhanced magnetic field, which rotates in direction. As we will discuss later in this review, ICMEs with these specific signatures can be described in terms of a magnetic flux rope, i.e., a flux tube with helical magnetic field lines winding about the axis.

The sudden simultaneous increase of the magnetic field and speed in the data plot in Fig. [1](#Fig1){ref-type="fig"} marks a fast mode shock wave, while the sheath extends from the shock to the ICME leading edge. ICME-driven fast shocks are particularly important structures in the collisionless solar wind plasma and effective accelerators of charged particles. The sheath regions in turn provide a unique natural plasma laboratory to study many important plasma properties such as turbulence and magnetic reconnection, and together with ICMEs they drive space weather disturbances. In particular, sheaths and ICMEs are the only interplanetary structures that can cause extreme geomagnetic storms.

In this article we give a review of ICMEs and their sheath regions, mostly based on observations, and we discuss their role in driving space weather disturbances. For information on CME properties and signatures in remote-sensing observations and their modelling we will guide the reader to, e.g., Living Reviews articles by Chen ([@CR45]), Webb and Howard ([@CR312]), and Schwenn ([@CR281]). We start by briefly describing signatures and observational properties of ICMEs, and their connection to CMEs (Sect. [2](#Sec2){ref-type="sec"}) followed by different modelling approaches (Sect. [3](#Sec9){ref-type="sec"}). In Sect. [4](#Sec14){ref-type="sec"} we describe signatures and properties of sheath regions. Section [5](#Sec19){ref-type="sec"} is devoted to the heliospheric and solar cycle evolution of ICMEs. Finally, Sect. [6](#Sec24){ref-type="sec"} discusses space weather response of ICMEs and their sheaths at the Earth covering geomagnetic storms, solar energetic particles, radiation belts and the effects on planetary atmospheres and exoplanets.

ICME signatures and properties {#Sec2}
==============================

We start this section by reviewing general ICME signatures in the solar wind and move on to discuss the subset of ICMEs that contain magnetic flux ropes and the problem of defining boundaries of these structures. We continue by discussing average ICME properties, (e.g., average magnetic field magnitude, speed, and duration) near the Earth's orbit and then give an overview of the current understanding of the large-scale morphology of ICMEs based on multi-spacecraft in-situ observations. We conclude this section by discussing briefly the connection between ICMEs and CMEs.

General ICME signatures {#Sec3}
-----------------------

Figure [2](#Fig2){ref-type="fig"} presents two distinctly different large-scale solar wind transients that both are classified as ICMEs. The solid red lines mark the start and end times of these ICMEs as defined in the Richardson and Cane ICME list[2](#Fn2){ref-type="fn"} (see also Richardson and Cane [@CR252], [@CR255]). The ICME on the left drove a shock wave (dashed blue line), featured by abrupt and simultaneous increases of the magnetic field magnitude, solar wind speed and temperature.Fig. 2(Left) An ICME with a magnetic cloud (MC) structure and (right) a non-magnetic cloud ICME. The panels show from top to bottom: **a** magnetic field magnitude, the *b* longitude and *c* latitude angles of the magnetic field in GSM coordinates, $\documentclass[12pt]{minimal}
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                \begin{document}$$180^{\circ }$$\end{document}$) refers to the particles that stream parallel (anti-parallel) to the magnetic field. A pair of red solid lines bound the ICME interval and the dashed blue line shows a shock. The red dashed lines bound the interval with MC signatures. The times are from the Richardson and Cane ICME list. The measurements are from the ACE spacecraft.Data have been obtained through the ACE Data Center (<http://www.srl.caltech.edu/ACE/ASC/>)

The region limited by a pair of red dashed lines on the left-hand side of Fig. [2](#Fig2){ref-type="fig"} features strong and smooth magnetic field and coherent rotation of the magnetic field components. These are the key characteristics of a magnetic cloud (MC), first defined by Burlaga et al. ([@CR29]) and Klein and Burlaga ([@CR162]) as a solar wind structure with (1) enhanced magnetic field when compared with the surroundings ($\documentclass[12pt]{minimal}
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                \begin{document}$$> 10$$\end{document}$ nT), (2) smooth rotation of the magnetic field direction over a large angle in about one day, and (3) depressed proton temperature and plasma beta (i.e., the ratio of the plasma to magnetic pressure).[3](#Fn3){ref-type="fn"} The ICME on the right in turn lacks both the enhanced magnetic field and smooth rotation of the field direction throughout the whole interval. The field variability is, however, slightly depressed when compared to the surroundings.

During both our example ICMEs solar wind speed (panel [2](#Fig2){ref-type="fig"}d) decreases from the front to the rear edge. This is a common ICME signature indicating that these structures expand as they travel past the observing spacecraft (e.g., Klein and Burlaga [@CR162]). The expansion leads to a low proton temperature. The regions of low proton temperature following some interplanetary shocks were first noted by Gosling et al. ([@CR105]) and this is nowadays among the most commonly used ICME proxies. Inspired by this observation, Richardson and Cane ([@CR253]) used a solar wind speed-temperature relationship obtained from OMNI data by Lopez ([@CR191]) to calculate an "expected temperature" ($\documentclass[12pt]{minimal}
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                \begin{document}$$T_p < 0.5\,T_\mathrm{exp}$$\end{document}$) that were not associated with the heliospheric plasma sheet were predominantly associated with regions where other ICME signatures were present. The red horizontal line in Fig. [2](#Fig2){ref-type="fig"}e shows the expected temperature, which is clearly higher than the temperature that was measured within both our example ICMEs, including the non-MC parts of the ICME on the left-hand side.

Figure [2](#Fig2){ref-type="fig"}g shows the helium to proton ratio in the solar wind. Enhanced abundances of helium relative to protons following shock waves were among the earliest identified ICME signatures, although at the time, they were identified with a solar flare source (Hirshberg et al. [@CR120], [@CR121]; Borrini et al. [@CR22]). While some individual ICMEs indeed show clear enhancements of the alpha to proton ratio (larger than 0.08--0.1), statistical studies have shown that on average, this ratio in ICMEs is not that distinct from values found in the slow solar wind (e.g., Lynch et al. [@CR198]; Richardson and Cane [@CR254]; Rodriguez et al. [@CR269]). The next panels gives the $\documentclass[12pt]{minimal}
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                \begin{document}$$> 12$$\end{document}$ (e.g., Lepri et al. [@CR178]) are good signatures of the ICME-plasma. On the other hand, the elemental ratios depend, in a complex way, on chromospheric temperatures, the magnetic field configuration at the origin of the plasma, and the plasma confinement time before the release (e.g., Laming ([@CR167]), and references therein). In ICMEs, increased amounts of high charge states of elements such as Fe, Ne, Si, Mg are often observed suggesting extended confinement times (e.g., Lepri et al. [@CR178]; Zurbuchen et al. [@CR331]).

Charge state and compositional anomalies are most common in fast ICMEs and in MCs (e.g., Burlaga et al. [@CR33]; Henke et al. [@CR115]; Richardson and Cane [@CR254]; Aguilar-Rodriguez et al. [@CR3]; Rodriguez et al. [@CR269]). The helium to proton, O$\documentclass[12pt]{minimal}
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                \begin{document}$$^{+6}$$\end{document}$ and Fe/O ratios are indeed considerably higher within the MC than non-MC parts for the event shown on the left in Fig. [2](#Fig2){ref-type="fig"}. The average iron charge states are however elevated throughout the whole ICME interval. In turn, the ICME on the right that did not contain MC at all shows enhanced values only towards its end.

The bottom panel of Fig. [2](#Fig2){ref-type="fig"} shows the pitch angle spectrogram of suprathermal ($\documentclass[12pt]{minimal}
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                \begin{document}$$\gtrsim 100$$\end{document}$ eV, here the 272-eV channel is chosen) electrons that carry the solar heat flux and give information of the magnetic connectivity. If the magnetic field lines are attached to the Sun only from one end, a uni-directional electron flow is observed, while a closed configuration gives rise to a bi-directional electron flow both parallel and antiparallel to the magnetic field (e.g., Gosling et al. [@CR106]). The closed configuration can either represent a case where field lines are attached to the Sun at both ends (see Fig. [1](#Fig1){ref-type="fig"}), or a detached plasmoid. We will return to this question later in this review. The ICME on the left in Fig. [2](#Fig2){ref-type="fig"} features bi-directional electron flow. Such counter-streaming signatures behind interplanetary shock waves were already noted by Bame et al. ([@CR15]), and shown to be present in a large sample of ICMEs by Gosling ([@CR100]). Many ICMEs, including our example events, present intermittent counter-streaming electrons, suggesting a mixture of open and closed magnetic field lines (e.g., Gosling [@CR100]; Shodhan et al. [@CR288]). Again, counter-streaming electrons are not a unique ICME signature. They are commonly observed also as reflections from interplanetary shocks or from the Earth's bow shock (e.g., Steinberg et al. [@CR291]).

Other useful indicators of ICMEs are Forbush decreases, i.e., transient reductions (up to 20--25%) in galactic cosmic ray intensities observed both on the ground by neutron monitors and by space instrumentation (for thorough reviews see e.g., Lockwood [@CR190]; Cane [@CR36]). For example, a statistical study by Richardson and Cane ([@CR256]) of over 300 ICMEs showed that 80% of them were associated with a Forbush decrease. Figure [3](#Fig3){ref-type="fig"} shows a Forbush decrease where both shock/sheath and ICME participate to the decrease. Strong magnetic fields in CMEs prevent galactic cosmic rays from diffusing into them, as they propagate through interplanetary space, while in sheaths turbulence also plays a major role (e.g., Wibberenz et al. [@CR316]; Cane [@CR36]). As shown by Richardson and Cane ([@CR256]), minimum cosmic ray intensities occur typically within the ICME and MCs cause on average deeper Forbush decreases than non-MC ICMEs. Forbush decreases can be particularly important for identifying ICMEs when limited magnetic field and/or plasma data are available. They, however, are not unique to ICMEs and, as pointed out by Cane ([@CR36]), even at 1 AU Forbush decreases can be difficult to interpret. Jordan et al. ([@CR143]) also pointed out that small-scale magnetic structures in ICME sheaths can affect significantly the galactic cosmic ray profiles.Fig. 3Forbush decrease associated with a shock-driving ICME.Image reproduced by permission from Cane ([@CR36]), copyright by Kluwer

Despite the commonly agreed ICME signatures we have discussed above, the identification of the ICMEs is often ambiguous (e.g., Gosling [@CR101]; Richardson and Cane [@CR255]; Kilpua et al. [@CR158]). The key issue is, as also highlighted by our example events, that there is no specific signature that would always be present in an ICME and different signatures may come and go during the passages of a given ICME.

Flux ropes in ICMEs {#Sec4}
-------------------

As we will show in Sect. [3](#Sec9){ref-type="sec"}, MCs can be described in the first approximation as cylindrically symmetric force-free flux ropes. The force-free assumption ($\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$\mathbf{J}\times \mathbf{B}=0$$\end{document}$, where where **B** is the magnetic field vector and **J** the electric current density) is reasonable considering that the low plasma beta is one of the key MC criteria and that the plasma pressure *p* has generally very modest variations within the MC (i.e., $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$\nabla p \approx 0$$\end{document}$). Flux ropes have been in the centre of research as they often drive strong geospace storms (Sect. [6](#Sec24){ref-type="sec"}) and provide a link to erupting CME properties and source conditions at the Sun, e.g., magnetic flux and helicity (van Driel-Gesztelyi et al. [@CR301]; Démoulin et al. [@CR62]). The magnetic helicity describes how magnetic field lines are wound around each other and it is defined as an integral $\documentclass[12pt]{minimal}
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However, only about one-third of ICMEs at 1 AU show clear MC signatures (e.g., Gosling [@CR100]; Bothmer and Schwenn [@CR24]; Cane and Richardson [@CR37]; Huttunen et al. [@CR130]; Wu and Lepping [@CR324]). It is believed that a significantly larger fraction of ICMEs contains flux ropes, but they are not always detected because the spacecraft crosses the flux rope too far from the centre. This was first confirmed using multispaceraft observations by Cane et al. ([@CR40]) who analyzed ICMEs detected both by Helios 1 and 2, and later with STEREO and L1 observations (e.g., Kilpua et al. [@CR155]). Jian et al. ([@CR141]) in turn demonstrated this by examining characteristic profiles of the total pressure perpendicular to the magnetic field ($\documentclass[12pt]{minimal}
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                \begin{document}$$P_t$$\end{document}$ profile shows a rapid increase (shock/sheath) followed by a slow decline. These are glancing encounters where whole or most of the ICME is missed.

An ICME can also deform and its magnetic flux can erode significantly during its interplanetary propagation. In particular near solar maximum multiple successive ICMEs may merge together. As a consequence, individual flux rope characteristics are lost (see Sect. [5.4](#Sec23){ref-type="sec"}). One possibility is also that ICMEs with and without MCs have different birth mechanisms at the Sun. However, this does not seem likely as flux ropes are invoked as integral part of the CME eruption, being present in the majority, if not in all CMEs (e.g., Vourlidas et al. [@CR310])Fig. 4Different spacecraft paths (Group 1--Group 3) through an ICME and the corresponding perpendicular pressure ($\documentclass[12pt]{minimal}
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                \begin{document}$$P_t$$\end{document}$) profiles. The different groups are described in the text. The contours in the figure show the density and the numbers give the density ratios between the solar wind and magnetopause values. In the right-hand part of the figure the first dashed line shows the shock and the following two dashed lines bound the ICME interval.Images reproduced by permission from Jian et al. ([@CR141]), copyright by Springer

The way the magnetic field vectors rotate within a given MC is determined by the orientation of the cloud's axis with respect to the ecliptic plane, the direction of the axial magnetic field and the sign of magnetic helicity. The characteristic field patterns define eight flux rope types shown in Fig. [5](#Fig5){ref-type="fig"} (Mulligan et al. [@CR215]; Bothmer and Schwenn [@CR25]). The upper part of the figure shows flux ropes with the axis lying close to the ecliptic plane. The interplanetary magnetic field (IMF) north-south component ($\documentclass[12pt]{minimal}
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Identifying ICME boundaries {#Sec5}
---------------------------

Identification of ICME boundaries is often an ambiguous and subjective. It is a well known issue that the boundary times in various catalogues may differ considerably (see discussions, e.g., in Richardson and Cane [@CR255]; Kilpua et al. [@CR158]).Fig. 6Examples of sheath--ICME boundaries: **a** magnetic field magnitude, **b** components of the magnetic field in GSE coordinates ($\documentclass[12pt]{minimal}
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An example of a particularly clear and sharp sheath-ICME boundary is shown in the left-hand panels of Fig. [6](#Fig6){ref-type="fig"}. The transition from the turbulent sheath to the smooth MC is abrupt and coincides with distinct drops in the plasma density and temperature. In most cases the boundary is far from that clear. A statistical study of 80 MCs by Wei et al. ([@CR314]) showed that the majority of them were bounded by boundary layers with average passage durations of 1.7 and 3.1 h at the front and rear edges, respectively. The right-hand side of Fig. [6](#Fig6){ref-type="fig"} shows an example of such a boundary layer at the front edge of the MC, bounded by a pair of dashed lines. The boundary layer has increased densities and temperatures, decrease in the magnetic field, and abrupt changes in the magnetic field direction. As noted by Wei et al. ([@CR314]) these are common features of boundary layers and can be interpreted as signatures of magnetic reconnection.

Wei et al. ([@CR315]) studied fluctuation characteristics in 23 MC boundary layers and found that the distribution functions of field fluctuations were distinctly different in the boundary layer, MC and the ambient solar wind. The authors reported Alfvénic fluctuations within the boundary layers. Based on these distinct signatures Wei et al. ([@CR315]) concluded that boundary layers are likely distinct structures from the sheath and the MC, resulting either from the interaction between the cloud and the ambient solar wind, or being relics of the CME release process (see also Farrugia et al. [@CR76]; Kilpua et al. [@CR158]).

Our example event in Sect. [2.1](#Sec3){ref-type="sec"} showed that an MC can be embedded in a more extended ICME interval. According to Kilpua et al. ([@CR158]) this is a common phenomenon. The authors analyzed the events in the Richardson and Cane list and found that only in 30% of the cases the MC and ICME boundaries coincide both at the leading and trailing edge within 2 h. Another example is presented in Fig. [7](#Fig7){ref-type="fig"} where the MC is bounded by a pair of black dashed lines and the ICME by the red solid lines. Some ICME-related solar wind signatures continue to be observable almost one day after the encounter of the MC rear boundary, and they are also present a few hours before the start of the MC. The gray area marks the flux rope interval captured by the Grad--Shafranov reconstruction (see Sect. [3.2](#Sec11){ref-type="sec"}) and it features the most distinct charge state and compositional anomalies and is bounded by boundary layers discussed above. Richardson and Cane ([@CR255]) also noted that in a considerable fraction of cases (22%) compositional signatures continue even several hours past the ICME boundaries that were defined based on the plasma and magnetic field data.Fig. 7Different regions of the ICME. The panels show the magnetic field **a** magnitude, **b** latitude, and **c** longitude, **d** solar wind speed, **e** density **f** temperature (black: measured, red: expected temperature), **g** total pressure perpendicular to the magnetic field, **h** plasma beta, **i** pitch angle spectrogram of 272-eV electrons, **j** red: helium to proton ratio, black: O$\documentclass[12pt]{minimal}
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Average ICME/MC properties {#Sec6}
--------------------------

Some key ICME properties are summarized in Table [1](#Tab1){ref-type="table"}. We have calculated these values using the 1-h OMNI database and the ICMEs are extracted from the online catalogues compiled by Lan Jian[4](#Fn4){ref-type="fn"} and by Richardson and Cane.[5](#Fn5){ref-type="fn"} Information on the ICME identification criteria in these catalogues is given in their respective webpages (see also Jian et al. [@CR141]; Richardson and Cane [@CR255]). For the Lan Jian catalogue we give the results separately for the centrally crossed events (Group 1, Fig. [4](#Fig4){ref-type="fig"}) and the events that are crossed at the intermediate distance from the centre (Group 2), defined using the $\documentclass[12pt]{minimal}
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Table [1](#Tab1){ref-type="table"} shows that, as expected, MCs have on average stronger magnetic fields than non-MCs. In addition, Group 1 events have, on average, stronger magnetic fields than Group 2 events. This result is consistent with the assumption that non-MC ICMEs are generally encounters through the edge/leg of the flux rope loop. However, considering the large standard deviations, there is no significant difference either in average or maximum speeds between MCs and non-MC events and between Group 1 and Group 2 events. MCs are considerably shorter in duration than non-MC events. The results discussed above are consistent with the previous studies, e.g., with Richardson and Cane ([@CR255]) and Wu and Lepping ([@CR324]), who analyzed Solar Cycle 23 events, and Bothmer and Schwenn ([@CR25]) and Forsyth et al. ([@CR82]) who derived radial dependencies of various ICME parameters using Helios 1 and 2 data between 0.3--1 AU.

We also note that ICMEs have on average much stronger magnetic fields than the average IMF. In turn, ICMEs have their average speeds similar to the average solar wind speed, implying that near the Earth orbit ICMEs are not propagating much faster through the solar wind. This result is consistent with works, e.g., by Lindsay et al. ([@CR185]) and Gopalswamy et al. ([@CR98]) suggesting that CMEs decelerate/accelerate to the speed of the ambient solar wind. Their average maximum speeds that typically occur at the leading edge, however, are clearly above the overall solar wind average.

As we mentioned in Sect. [2.1](#Sec3){ref-type="sec"}, declining speed profile is a common ICME signature. Table [1](#Tab1){ref-type="table"} confirms that a clear majority (about 80%) of ICMEs expand at 1 AU, i.e., they have a negative rear-to-front speed gradient ($\documentclass[12pt]{minimal}
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                \begin{document}$$\varDelta V$$\end{document}$). Group 1 and Group 2 events have exactly the same percentage of expanding events, but MCs expand more often than the non-MC ICMEs. However, the average expansion speed is larger for non-MCs. Typical speeds at which ICMEs expand are about one-third of their propagation speeds and of the order of half of the local Alfvén speed in the solar wind frame (e.g., Klein and Burlaga [@CR162]; Owens et al. [@CR228]; Gulisano et al. [@CR112]). The rear-to-front speed gradient does not express how fast a fluid element expands. Gulisano et al. ([@CR112]) found that all magnetic clouds that were not significantly perturbed by the interactions with the ambient solar wind expand with almost at the same non-dimensional expansion rate, defined as$$\documentclass[12pt]{minimal}
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Large-scale structure of ICMEs from observations {#Sec7}
------------------------------------------------

The magnetic cloud found by Burlaga et al. ([@CR29]) (see Sect. [2.2](#Sec4){ref-type="sec"}) was detected by five longitudinally widely separated spacecraft (IMP-8, Helios A and B, Voyager 1 and 2; left part of Fig. [8](#Fig8){ref-type="fig"}). The later analysis of this event by Burlaga et al. ([@CR32]) showed that these observations could be interpreted in terms of a huge and curved flux rope loop extending back towards the Sun. Recently, Janvier et al. ([@CR140]) constructed the average global shape of the MC axis from a large number of single-spacecraft observations and the results were consistent with the above suggestion. The rapid access of solar energetic particles into MCs and frequent presence of bidirectional suprathermal heat fluxes in MCs then provides evidence that field lines within MCs remain attached to the Sun, often at both legs (e.g., Kahler and Reames [@CR145]; Richardson [@CR248]; Larson et al. [@CR172]). It should be noted that flux ropes do not generally extend radially from the Sun, but are rather distorted along the Parker spiral bending back onto themselves (Crooker et al. [@CR53]; Rees and Forsyth [@CR243]) (right-hand part of Fig. [8](#Fig8){ref-type="fig"}).Fig. 8(Left) The global flux rope axis configuration as deduced from multi-spacecraft observations for a magnetic cloud observed on January 6--8, 1978. All these spacecraft were located close to the ecliptic plane at radial distances between 1--2 AU. (Right) Schematic of a flux rope loop that is distorted along the Parker spiral and carries a sector boundary crossing.Images reproduced by permission from \[left\] Burlaga et al. ([@CR32]); \[right\] from Crooker et al. ([@CR53]), copyright by AGU

Multi-spacecraft observations also constrain the extent of ICMEs. Depending on whether the observing spacecraft are separated primarily in longitude or in latitude and whether the flux rope is low- or highly-inclined, the observations allow either the transverse extent of the flux rope loop or its cross-section to be estimated. For example, observations from spacecraft separated in longitude can give an estimate for the extent of the flux rope loop for low inclination MCs and for the cross-section thickness for high-inclination MCs. The event studied by Burlaga et al. ([@CR29], [@CR32]) was a low-inclination MC and based on the separation between the spacecraft it is possible to conclude that the flux rope loop extended at least $\documentclass[12pt]{minimal}
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One of the main science objectives of the twin STEREO mission was to better constrain the global ICME morphology. Unfortunately, due to a long period of low solar activity following the launch of STEREO in October 2006 only a handful of events were observed in interplanetary space simultaneously by more than one spacecraft, including STEREO---near-Earth combinations. However, MESSENGER, Venus Express, STEREO and the near-Earth spacecraft have more recently provided several multi-spacecraft ICME encounters from widely separated vantage points (see e.g., the list in Good and Forsyth [@CR96]). The Good and Forsyth ([@CR96]) study based on these missions show that only about one-third of the ICMEs were detected by two or more spacecraft when their separation was $\documentclass[12pt]{minimal}
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                \begin{document}$$45-60^{\circ }$$\end{document}$. These results are consistent with the Cane et al. ([@CR40]) analysis based on Helios 1 and 2 observations. Recently, Witasse et al. ([@CR320]) reported an ICME that extended more than $\documentclass[12pt]{minimal}
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                \begin{document}$$100^{\circ }$$\end{document}$ in longitude. However, there are cases in which ICME signatures have been remarkably different even when the spacecraft were only a few degrees apart (e.g., Mulligan et al. [@CR216]; Kilpua et al. [@CR155]). Such observations were made for high-inclination MCs that occurred during solar minimum.

Both in-situ observations of ICMEs and simulations of CME propagation suggest that their cross-sections are highly oblate. This implies that ICMEs expand faster in the non-radial direction. By comparing typical sheath and MC thicknesses to the standoff distance of the planetary bow shocks, Russell and Mulligan ([@CR275]) concluded that near the Earth's orbit the dimensions of the flux rope cross-sections in the direction perpendicular to the plane containing the flux rope axis are about four times their radial thicknesses. Direct observations suggest even larger aspect ratios: Liu et al. ([@CR187]) and Mulligan et al. ([@CR216]) estimated typical aspect ratios not to be smaller than 6:1. Crooker and Intriligator ([@CR52]) reported an MC that was compressed by another ICME and for which the azimuthal width exceeded the radial width by at least a factor of 8. Some in-situ studies, however, suggest more circular cross-sections (e.g., Liu et al. [@CR188]; Möstl et al. [@CR212]; Kilpua et al. [@CR155]), but these have used the Grad--Shafranov modelling (see details in Sect. [3.2](#Sec11){ref-type="sec"}) that is known to underestimate the elongation (e.g., Riley et al. [@CR265]; Kilpua et al. [@CR155]).Fig. 9Snapshot of the CME evolution for an MHD simulation at four different times. The colour map shows the radial velocity, the black contours the magnetic flux, and the red contours the number density.Image reproduced by permission from Riley and Crooker ([@CR262]), copyright by AAS

Numerical MHD simulation results by Riley and Crooker ([@CR262]) shown in Fig. [9](#Fig9){ref-type="fig"} illustrate how the shape of the CME elongates as it propagates from the Sun due to kinematic and dynamic effects. The cross-section at Earth orbit (1 AU) is clearly not circular, but significantly elongated as discussed above. Furthermore, the cross-section is not elliptical but convex-outward. Liu et al. ([@CR187]) showed that due to the variations in latitudinal solar wind pattern from solar minimum to maximum ICME cross-sections tend to curve in the opposite ways: Near solar minimum ICME cross sections are bent concavely outward, while near solar maximum cross sections tend to bend convexly. This is because near solar maximum the solar wind speed is approximately the same over all latitudes whereas near minimum the speed increases significantly from the equator towards the poles (e.g., McComas et al. [@CR208]). Simulations also emphasize that the properties of ICMEs can substantially vary at different sampling locations due to the varying solar wind density and speed structures (e.g., Odstrčil and Pizzo [@CR223], [@CR224]).

Connection between ICMEs and CMEs {#Sec8}
---------------------------------

Several studies helped to establish the connection between CMEs observed remotely in the corona and ICMEs observed in-situ in interplanetary space. For example, Burlaga et al. ([@CR30]) showed, based on timing considerations, that an interplanetary plasma cloud detected by Helios-1 could be associated with a large CME previously detected by the coronagraph onboard the Solwind spacecraft. Early statistical connection was established, e.g., by Schwenn ([@CR280]), who connected 19 Helios ICMEs to Solwind CMEs. Wilson and Hildner ([@CR318]) also showed that six out of the nine interplanetary plasma clouds they investigated could be linked to type II radio bursts that indicate CME-driven shock waves in the corona. The striking connection between CMEs and interplanetary shocks was made by Sheeley et al. ([@CR285]). The authors demonstrated that 72% of the shocks identified during the period 1979--1982 by Helios 1 were associated with large, low-latitude CMEs detected by Solwind and for additional 26% of shocks there was a possible Solwind--CME association. Since these early studies, CME--ICME association has been detailed, in particular using observations by the LASCO coronagraph onboard the SOHO spacecraft and in-situ observations by the L1 spacecraft Wind and ACE (e.g., Webb et al. [@CR313]; Schwenn et al. [@CR282], and references therein).

Wide angle heliospheric imaging (e.g., SMEI/Coriolis and SECHHI/STEREO; Eyles et al. [@CR75]; Harrison et al. [@CR114]) allows some CMEs to be followed all the way from the Sun to in-situ detection. The European Union FP7-funded HELCATS project[6](#Fn6){ref-type="fn"} has built an extensive database of CMEs observed with STEREO heliospheric imagers (HI), including solar, coronagraph and in-situ associations. Figure [10](#Fig10){ref-type="fig"} shows an event from the HELCATS database. On left is the CME as seen in the STEREO-B COR2 coronagraph image on July 9, 2013 18:39 UT. The middle panel shows the time-elongation plot, or J-map (for the details of the technique see, e.g., Davies et al. [@CR59]) that has been constructed from running time difference of STEREO-B/HI observations. This CME could be tracked (the red dots) to its arrival to Earth on July 12. The right-hand panels show a shock on July 12 14:46 UT followed by a clear MC featuring enhanced magnetic field and smoothly rotating field direction starting around July 13 04:45 UT.Fig. 10Example event from the HELCATS database. (Left) STEREO-B COR2 coronagraph image of an Earth-directed CME that erupted on July 9, 2013. (Middle) J-map that has been constructed using STEREO-B heliospheric imager observations. Red dots show the model fitted values and they indicate the path of the CME. (Right) ACE in-situ observations of the associated ICME. The panels are the same as in Fig. [1](#Fig1){ref-type="fig"}.The blue dashed line marks the shock and the ICME is bounded between the pair of red lines

Both white-light coronagraphs and heliospheric imagers record sunlight that has been scattered by free electrons in the corona and in heliosphere. The images based on these techniques give 2-dimensional electron density distributions that are integrated along the line-of-sight. The left-hand panel in Fig. [11](#Fig11){ref-type="fig"} shows a classical three-part ("light-bulb") CME morphology in a coronagraph image. The low density "dark cavity" corresponds to the flux rope, while the brightest features are a dense prominence core and a frontal rim of coronal loops that pile up at the flux rope leading edge (Illing and Hundhausen [@CR131]; Dere et al. [@CR63]; Gibson and Low [@CR89]). The excess mass image in the right-hand panel of Fig. [11](#Fig11){ref-type="fig"} shows two additional features: a faint and wide front that represents a temporary compression as the CME-driven wave/shock moves through the corona and a sharp edge that corresponds to the wave/shock itself (Vourlidas et al. [@CR310]). We also note that in the J-map shown in Fig. [10](#Fig10){ref-type="fig"} the bright track correspond the compressed sheath region, not the lower density flux rope (e.g., Lugaz et al. [@CR192]; Rouillard [@CR271]).Fig. 11(Left) A CME with a classical three-part structure detected one February 27, 2000 in SOHO/LASCO C3 image (Image courtesy: NASA). (Right) An excess mass image illustrating two more signatures of a five-part CME on June 10, 2000 in SOHO/LASCO C2 image. The yellow arrow indicates the sharp edge (shock) and the green arrow the bright front.Image reproduced by permission from Vourlidas et al. ([@CR310]), copyright by Springer

Although physically similar features can be distinguished from remote-sensing and in-situ observations (shock, sheath, flux rope) the detailed correspondence between CMEs and ICMEs is not at all clear yet (e.g., Crooker [@CR50]; Crooker and Horbury [@CR51]; Rouillard [@CR271]; Kilpua et al. [@CR158]; Vourlidas et al. [@CR310]). Much of this stems from remote-sensing and in-situ observations giving very different aspects of these huge structures (e.g., see detailed discussion from Rouillard [@CR271]) and from transformations a CME may experience during its propagation through interplanetary space (e.g., Dasso et al. [@CR58]; Manchester et al. [@CR201]). As we have outlined earlier in this section, even non-interacting ICMEs can exhibit quite complex internal structure. In particular we emphasized in Sect. [2.3](#Sec5){ref-type="sec"} that MC and ICME boundaries do not often coincide. The non-MC parts of the ICME (i.e., front and rear regions in Fig. [7](#Fig7){ref-type="fig"}) can represent the deformed parts of the intrinsic CME flux rope, or as suggested by different compositional/charge state signatures, the parts of the eruption that originate from different regions at the Sun (see discussion in Kilpua et al. [@CR158]). It is a significant future challenge to shed light on the origin and formation of ICME substructures.

Another interesting question related to CME--ICME connection is the paucity of cold prominence plasma in in-situ observations. We mentioned above that the bright core in coronagraph images corresponds to the prominence material, and indeed, a significant fraction of CMEs are associated with erupting prominences/disappearing filaments (e.g., Munro et al. [@CR217]; Schwenn [@CR280]; Bothmer and Schwenn [@CR23]; Webb and Howard [@CR312]). However, as reported e.g., by Lepri and Zurbuchen ([@CR177]) only a small fraction of ICMEs show traces of prominence material. In their study this was the case only for 4% of the analyzed 283 ICMEs. Remote-sensing observations suggest that in most cases the dense prominence material falls back to the Sun and is not carried away within the CME (e.g., Vourlidas et al. [@CR310]). Alternative possibilities have also been presented: Lepri and Zurbuchen ([@CR177]) suggested that heating near the Sun may erase low charge state signatures. The authors (see also Gruesbeck et al. [@CR111]) noted that those ICMEs that show low charge states simultaneously contain hot ions. Filament material may also be pushed from the back of the CME flux rope forward, as the CME decelerates when it propagates away from the Sun. This dynamic process was first suggested by Manchester et al. ([@CR200]) based on 3-D numerical magnetohydrodynamic (MHD) simulations. Later, Wood et al. ([@CR323]) demonstrated this observationally by presenting two case studies where prominence plasma was tracked to the Earth using heliospheric imagers. The prominence plasma showed very little deceleration as it moved towards the leading edge of the CME.

Modelling of magnetic clouds {#Sec9}
============================

This section discusses the in-situ observation-based modelling of MCs that is a key method in ICME studies. The model that gives the best fitting result can shed light on the nature, kinematics and global morphology of ICMEs. In addition, modelling provides many key MC parameters, such as the sign of the magnetic helicity, orientation of the flux rope axis and the impact parameter of the spacecraft through the ICME. We will first discuss basic modeling approaches and thereafter the Grad--Shafranov reconstruction. We continue by introducing the constraints that modeling of MCs puts on the global structure of ICMEs. Finally, we will discuss the magnetic twists in MCs.

Basic modelling approaches {#Sec10}
--------------------------

There is a variety of MC modelling approaches in the literature and we already at this point emphasize that *currently none of the existing models is applicable to all cases*. When selecting the model one should carefully consider the situation in question and the aspects that are particularly desirable to capture. Among the key questions are, for example, is the MC static or expanding? Is its cross-section strongly elongated or more circular? Are plasma effects important, i.e., whether a force-free or non-force-free model would be more appropriate?

Shortly after MCs were first identified in the solar wind, Goldstein ([@CR92]) suggested that they can locally be described in the first approximation as cylindrically symmetric flux ropes with force-free magnetic fields, i.e., they fulfill $\documentclass[12pt]{minimal}
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Lepping et al. ([@CR174]) developed a least-squares technique to fit the Lundquist solution to the magnetic field observations. Figure [12](#Fig12){ref-type="fig"} shows the results for two MCs. While in both cases the model explains satisfactorily the directional changes of the magnetic field, the agreement with the field magnitude is clearly not so good, in particular in the left-hand part where the measured field profile is almost flat while the solution peaks near the centre of the flux rope. As discussed by Burlaga ([@CR27]) and Lepping et al. ([@CR174]), asymmetries in the observed profiles likely result from the interaction between the MC and the ambient solar wind, either with the slower solar wind ahead or compression by a faster wind behind.Fig. 12Fitting of the force-free field cylindrical symmetric constant-$\documentclass[12pt]{minimal}
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                \begin{document}$$\xi ^2$$\end{document}$ is the parameter that is related to the goodness of the least-squares fit of the magnetic field data in the model (the smaller the value, the better the fit).Image reproduced by permission from Lepping et al. ([@CR174]), copyright by AGU Fig. 13(Left) Results of the fitting of a magnetic cloud on February 7, 1981 using the Lundquist ("circular") and elliptical ("oblate") models (the smooth black lines). Both models include the effect of the expansion. (Right) Fitting results for two magnetic clouds from a non-force-free model that incorporates also the hydrostatic plasma pressure and the proton current density in the fitting procedure (the smooth red lines).Images reproduced by permission from \[left\] Vandas et al. ([@CR304]), copyright by COSPAR; \[right\] Hidalgo ([@CR116]), copyright by AAS

As discussed in Sect. [2](#Sec2){ref-type="sec"}, MCs generally have oblate cross-sections and they expand strongly. A generalisation of the above described Lundquist solution to elliptical cross-section is presented, for instance, by Vandas and Romashets ([@CR302]). The expansion is usually included by searching for a solution of the ideal MHD equations for self-similar expansion in the radial direction and assuming that the energy transport can be described with a polytropic relationship (e.g., Osherovich et al. [@CR225], [@CR226]). Purely radial expansion of cylindrically symmetric flux ropes is, however, only possible when the electron polytropic index ($\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$\gamma _e$$\end{document}$ [7](#Fn7){ref-type="fn"}) is less than one. Although observations indeed show that the electron temperature and density anti-correlate within MCs, the temperature actually does not increase as the cloud expands (see discussion on this topic and references therein from Gosling [@CR103]). Instead the negative correlation emerges from the relative enhancement of the halo component to the total density and the plasma's tendency to achieve local pressure balance with its surroundings (e.g., Riley et al. [@CR264]; Nieves-Chinchilla and Viñas [@CR222]). When MCs are allowed to expand also along their axis, the expanding solutions are obtained for arbitrary values of $\documentclass[12pt]{minimal}
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When plasma pressure is important for the evolution of the MC, a non-force-free model may be a more appropriate choice. In particular, the front and rear parts of MCs, which interact with the ambient solar wind, show increased perpendicular current (e.g., Hidalgo et al. [@CR117]; Möstl et al. [@CR212]). An example of a non-force free model that can be fitted simultaneously to the magnetic field and plasma pressure data is the Hidalgo ([@CR116]) model. This model also includes the elliptical cross-section and the MC expansion (for the earlier versions of this model, see references in Hidalgo [@CR116]). The overall geometry is described in a toroidal coordinate system where Maxwell's equations are analytically solved.

The left-hand panel of Fig. [13](#Fig13){ref-type="fig"} shows the results from force-free circular and oblate elliptical models. Both models fit the directional changes in the magnetic field, while the model with the elongated cross-section captures clearly better the magnetic field and the speed profile. The right-hand panel shows how well the above described non-force-free oblate elliptical (Hidalgo [@CR116]) model can fit even relatively complex magnetic field profiles and it captures also the overall trends in the plasma pressure and in the parallel electric current.

Interesting alternative approaches to model MCs are provided by the models that are based on defining an analytical presentation of the 3D shell of the CME/ICME and populating the shell with a magnetic field (e.g., Isavnin [@CR133]). Such approach allows applying all major global deformations (e.g., pancaking, expansion, deflection, rotation) in a straightforward way and is applied to ICMEs identified from remote sensing or in-situ data. Fitting the model to the magnetic field data yields the set of key parameters, such as the MC orientation, ratio of the poloidal and toroidal heights of the flux rope loop, its tilt angle and half width, pancaking angle and front flattening coefficient.

Grad--Shafranov reconstruction {#Sec11}
------------------------------

One of the most widely used non-force-free methods to study MCs is the Grad--Shafranov reconstruction (GSR) (e.g., Hu and Sonnerup [@CR125]; Möstl et al. [@CR212]; Isavnin et al. [@CR134]). GSR uses in-situ measurements of the plasma and magnetic field, and the flux rope is assumed to have 2.5 dimensions, i.e., it has a translational symmetry with respect to an invariant axis direction. The GSR is performed by numerically solving the Grad--Shafranov equation:$$\documentclass[12pt]{minimal}
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The top part of Fig. [14](#Fig14){ref-type="fig"} shows the cross-sections of two flux ropes in the plane perpendicular to the invariant axis. The colour coding gives the magnetic field magnitude along the direction of the invariant axis. The thick white line outlines the boundary of the flux rope, outside of which the GSR reconstruction is not reliable. The determination of the invariant axis direction is a critical point in this reconstruction technique. It is based on the assumption of constant magnetic vector potential and transverse pressure on common magnetic field lines. The $\documentclass[12pt]{minimal}
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                \begin{document}$$P_t(A)$$\end{document}$ curve consists of two branches corresponding to the inbound and outbound paths of the spacecraft trajectory through the flux rope. The optimal direction of the invariant axis is found when the inward and outward branches coincide best (see the bottom part of Fig. [14](#Fig14){ref-type="fig"}).Fig. 14Examples of Grad--Shafranov reconstruction of two magnetic clouds observed by the Wind spacecraft. (Top) Flux rope cross-sectional shapes in the plane perpendicular to the invariant axis. The black arrows show the spacecraft magnetic field observations projected on the same place. The white thick countour corresponds to the flux rope boundary and the white dot the axis of the rope. The colour coding gives the magnitude of the magnetic field component along the invariant axis direction (*z*). (Bottom) $\documentclass[12pt]{minimal}
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                \begin{document}$$P_t(A)$$\end{document}$ curves. The red (green) curves represent *A* along the inbound (outbound) parts of the spacecraft trajectory through the MC.The results are from the European Union's FP7 project HELCATS online catalogues (<http://helcats-fp7.eu>)

A clear strength of the GSR method is that it reconstructs the cross-sectional shape of the flux rope and determines its boundaries. The model also gives estimates of the sign for the flux rope helicity, axis orientation and the impact parameter. However, this technique has severe limitations that must be acknowledged. Since the method assumes that the same equipotential field lines are traversed both during the inward and the outward journey, GSR cannot describe well interacting MCs that may have significantly distorted cross-sections (e.g., Isavnin et al. [@CR134]). GSR also typically severely underestimates the elongation of the MC's cross-section (e.g., Riley et al. [@CR265]; Möstl et al. [@CR212]; Kilpua et al. [@CR155]; Isavnin et al. [@CR134]). In addition, Al-Haddad et al. ([@CR7]) noted that GSR may reconstruct from single-spacecraft data a helical flux rope with a smoothly rotating magnetic field even if the structure is not in fact helical. Nevertheless, when these shortcomings are kept in mind, GSR can be a very powerful tool in identifying and analysing the properties of the "unperturbed" part of the flux rope (see discussion in Sect. [2.2](#Sec4){ref-type="sec"}).

Global structure of magnetic clouds from modelling {#Sec12}
--------------------------------------------------

As discussed in Sect. [2.5](#Sec7){ref-type="sec"}, there is convincing observational evidence that MCs are part of huge curved flux rope loops. Local curvature of the axis of the MC can be taken into a account by using a toroidal geometry (e.g., Ivanov et al. [@CR136]; Romashets and Vandas [@CR270]; Vandas et al. [@CR305]; Hidalgo [@CR116]). This geometry is particularly useful when the flux rope loop is traversed through the flank/leg. Path F in Fig. [15](#Fig15){ref-type="fig"}c shows the schematic of a flank encounter through the ICME flux rope. In this case the spacecraft may pass twice through the axis of the same flux rope (e.g., Rees and Forsyth [@CR243]; Marubashi and Lepping [@CR203]). However, as shown by Owens ([@CR227]), observations of double flux rope encounters are relatively rare. He suggests that this paucity of double flux rope encounters could be explained if the legs of the flux rope form bundles of highly stretched and curved field lines rather than helical fields. He also points out that the legs nonetheless exhibit many of the usual ICME signatures, such as elevated magnetic fields (as they should enclose the same flux as the frontal part of the flux rope loop), reduced proton temperatures and counter-streaming electrons.

The choice of global morphology can have a drastic effect on the fitting results and their interpretation. To illustrate this we show in the top panels of Fig. [15](#Fig15){ref-type="fig"} the geometries for an MC observed on 19 March 2001 from the cylindrical and toroidal model fittings by Marubashi and Lepping ([@CR203]). The authors showed, by estimating the difference between the observed and calculated fields, that for this event the torus model described very precisely the magnetic field data within the cloud, while the cylindrical model gave unsatisfactory results. Mulligan and Russell ([@CR214]) presented a case where Pioneer Venus Orbiter (PVO) and ISEE 3 observed an MC almost simultaneously on August 27, 1978. A cylindrical model suggested that the spacecraft detected two separate MCs, while the non-cylindrical fitting yielded a stretched cross section that suggested that both spacecraft detected the same MC.Fig. 15Geometries for a magnetic cloud of 19 March 2001 as obtained from **a** torus model and **b** cylindrical model. The arrows denote the direction of magnetic field on the surface of the (S), the direction of the axial field, and (A) and the spacecraft trajectory (S/C). **c** Curved flux rope loop featuring the central but (path A) and the flank encounter (path F) with a double crossing through the axis. **d** Spheroidal oblate flux rope. The solid (dashed) lines depict the magnetic field lines above (below) the plane of the figure. The thick line shows the reference ellipsoid.Panels (**a**)--(**c**) reproduced by permission from Marubashi and Lepping ([@CR203]), copyright by the authors; panel (**d**) from Vandas et al. ([@CR303]), copyright by AGU

Alternative approaches to global MC configuration have also been presented. Some authors argue that the observed field rotation in MCs would not necessarily reflect helical flux rope structure at all. Instead, the rotation could be explained due to significant writhe in the field resulting from the reconnection low in the corona between the erupting CME fields and the surrounding fields (e.g., Jacobs et al. [@CR137]; Al-Haddad et al. [@CR6]). Another possibility is a closed spheroid shown in Fig. [15](#Fig15){ref-type="fig"}d. Spheroidal models can fit the magnetic field data as well as the flux rope models and capture many complexities of the magnetic field profiles, such as sinusoidal, double peaked and plateau type profiles (e.g., Vandas et al. [@CR303]). However, as mentioned above, observations give strong support for flux ropes curving back and being attached to the Sun, and as shown before, when the expansion and elliptical cross-sections are allowed, flux rope models can also explain many of the asymmetries. Multi-spacecraft based modelling has also given convincing evidence for the flux rope structure. For instance, Möstl et al. ([@CR212]) and Liu et al. ([@CR188]) demonstrated that the Grad--Shafranov reconstruction at one spacecraft could predict successfully the observations at another spacecraft.

Multi-spacecraft modelling studies have also questioned whether the orientation of the flux rope axis is a global property and whether it is maintained during the flux rope evolution. For instance, Möstl et al. ([@CR213]) showed that the MC of August 2010 had clearly different axial inclinations at Venus Express and STEREO-B, which were separated by about $\documentclass[12pt]{minimal}
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                \begin{document}$$20^{\circ }$$\end{document}$ in longitude at that time. Another particularly interesting case was presented by Good and Forsyth ([@CR96]) who showed that the ICME on November 2011, first detected by MESSENGER at 0.3 AU, had rotated several tens of degrees both in longitude and latitude when it reached the radially-aligned STEREO-B around 1 AU. These observations point to the change from the classical picture of ICMEs as coherent huge flux ropes to more "warped" structures. It is also possible that ICMEs have evolved in time between the observation points, but the most dramatic rotation should on average occur within the first few tens of solar radii of the CME's journey from the Sun (e.g., Isavnin et al. [@CR135]).

Twist in the magnetic clouds {#Sec13}
----------------------------

Recent statistical studies (e.g., Hu et al. [@CR126]; Wang et al. [@CR311]) suggest that the distribution of the magnetic field line twist is clearly in contradiction with the Lundquist model discussed in Sect. [3.1](#Sec10){ref-type="sec"}. Instead of increasing monotonically from the axis, the twist appears to be more or less uniform throughout the cloud. Möstl et al. ([@CR212]) analyzed an MC observed on May 20--21, 2007 using the Grad--Shafranov reconstruction and found that the twist increased outwards only very close to the axis of the cloud. At larger distances from the centre the twist declined, i.e., the behaviour was opposite to that of the Lundquist model.Fig. 16(Left) Examples of field line turns in a magnetic cloud of August 30, 2004 (Event 7 in the right-hand plot). (Right) The average field line twist versus the shifted flux function $\documentclass[12pt]{minimal}
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                \begin{document}$$A_0$$\end{document}$ is the value at the flux rope centre and *A* is the GSR result. The square indicates the mean for each of the curves, and the error bars give the standard deviations.Image reproduced by permission from Hu et al. ([@CR126]), copyright by AGU

Hu et al. ([@CR126]) arrived at similar conclusions by utilising the field-line path lengths estimated from velocity dispersion in the arrival of solar energetic particles as well as from Grad--Shafranov reconstruction together with a constant-twist nonlinear force-free Gold--Hoyle flux rope model (Gold and Hoyle [@CR91]). The left-hand part of Fig. [16](#Fig16){ref-type="fig"} shows an example of the twisting field lines for one of the analysed events and the right-hand part gives the average twist as a function of the magnetic flux $\documentclass[12pt]{minimal}
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                \begin{document}$$|A - A_0|$$\end{document}$ (see definition of *A* from Sect. [3.2](#Sec11){ref-type="sec"}) for seven MCs. *A* increases towards the axis of the flux rope and $\documentclass[12pt]{minimal}
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                \begin{document}$$A_0$$\end{document}$ denotes its value at the axis (i.e., at the centre of the flux rope $\documentclass[12pt]{minimal}
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                \begin{document}$$|A - A_0|= 0$$\end{document}$). The twist is given in the units of turns per AU. The typical amount of twist found near the Earth orbit corresponds to the field lines making few turns around the axis of the MC over the distance of one AU. The right-hand part of Fig. [16](#Fig16){ref-type="fig"} shows that for all analysed events the twist remains nearly constant throughout the cloud. Larger twists are observed for some events in the core of the clouds, similar to what was found by Möstl et al. ([@CR212]).

As discussed by Wang et al. ([@CR311]), the magnetic field twist is an intrinsic property of flux ropes that is strongly connected to their stableness, and hence to the formation of CMEs. When the total twist of flux ropes at the Sun increases sufficiently high (1.25 turns about the axis for a line-tied force-free flux rope having a constant twist), the flux rope becomes kink unstable and can erupt as a CME (e.g., Hood and Priest [@CR122]; Török and Kliem [@CR296]). Hence, twists in interplanetary MCs exceed the above-stated critical value. Direct comparison of critical twist values between the Sun and in interplanetary space is, however, not straightforward due to highly different conditions in the corona and in interplanetary space, and evolution of flux ropes from Sun to Earth (see discussion, e.g., in Burlaga [@CR27] and Wang et al. [@CR311]). Wang et al. ([@CR311]) also remark that the twist can also vary within the ICME flux rope if it is composed of parts that have different origin at the Sun. Part of the flux rope may be present already before the CME eruption and a significant amount of magnetic flux and twist can be added to it during the eruption process (e.g., Qiu et al. [@CR240]; Temmer [@CR294]).

ICME shocks and sheaths {#Sec14}
=======================

This section focuses on the sheaths and shocks associated with ICMEs. We begin with discussing how ICME shocks and sheaths form in interplanetary space. Next, we will present solar wind properties in ICME sheaths and compare them to ICME properties, followed by a discussion on main structures that can be found in the sheaths. We conclude this section with a brief review of acceleration of solar energetic particles by interplanetary shocks.

Formation of ICME shocks and sheaths {#Sec15}
------------------------------------

Figure [17](#Fig17){ref-type="fig"} shows a clear fast forward shock (dashed line) driven by an MC observed on 14--15 December, 2006 in the near Earth solar wind. The magnetic field magnitude, as well as solar wind speed, density and temperature all increase abruptly at the shock (dashed line). The sheath region, as defined in the Introduction, extends from the shock to the ICME leading edge (solid line). For an ICME to drive a fast forward shock its speed in the solar wind frame must exceed the speed of the fast MHD wave, which in the direction of the ambient magnetic field is the Alfvén speed ($\documentclass[12pt]{minimal}
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                \begin{document}$$v_{ms}$$\end{document}$). Thus the respective Mach numbers (i.e., here the ratio of the speed of the ICME to the local "information speed" in the solar wind) $\documentclass[12pt]{minimal}
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                \begin{document}$$M_{ms}$$\end{document}$ calculated in the solar wind frame are important dimensionless parameters.

Also ICMEs that propagate faster than the preceding solar wind, but not fast enough to drive a shock, deflect and compress the plasma flow ahead and have disturbed sheath-like regions. They are often preceded by leading waves that have not steepened to fully-developed shocks.Fig. 17An example of a sheath region between a forward shock and an MC. The panels show from top to bottom: *a* the magnetic field magnitude, *b* components of the magnetic field in GSE coordinates ($\documentclass[12pt]{minimal}
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                \begin{document}$$B_Z$$\end{document}$: red), solar wind *c* speed, *d* proton temperature, and *e* proton density. The dashed line shows the shock and the solid line the leading edge of the ICME. The measurements are from the ACE spacecraft.Data have been obtained from the ACE Data Center (<http://www.srl.caltech.edu/ACE/ASC/>)

As the speed of the ambient solar wind and the average ICME speeds (see Sect. [2.3](#Sec5){ref-type="sec"}) are roughly in the similar range 300--800 km s$\documentclass[12pt]{minimal}
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                \begin{document}$$^{-1}$$\end{document}$, most interplanetary shocks are not particularly strong. For example, Kilpua et al. ([@CR160]) found that the annual medians of $\documentclass[12pt]{minimal}
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                \begin{document}$$M_{ms}$$\end{document}$ during the period 1995--2013 did not exceed 4. This study was based on the open-access interplanetary shock database[8](#Fn8){ref-type="fn"} that has recently been released at the University of Helsinki. For example, the only $\documentclass[12pt]{minimal}
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                \begin{document}$$M_{ms}$$\end{document}$ exceeding 10 in the data base (as of October 2016) are April 28, 2001 (12.6 measured by Wind) and March 27, 1979 (11.7 measured by Helios-B at the distance 0.75 AU from the Sun).

We note that shock databases are often incomplete in the sense that events have to be left out for various reasons. For example, extreme events may be physically complex and the instruments may work close to or beyond saturation, while strong energetic particle radiation may contaminate plasma detectors, leading to difficulties in calculating critical parameters, such as speed, temperature and density. For example, the shock associated with the extremely fast and strong ICME detected at STEREO-A on 23 July 2012 (e.g., Liu et al. [@CR189]) requires a more detailed analysis. Using reasonable assumptions and interpretation of observed data, Riley et al. ([@CR267]) found Mach numbers $\documentclass[12pt]{minimal}
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                \begin{document}$$M_{ms}=17$$\end{document}$ for this shock. Russell et al. ([@CR277]) noted that for this event the pressure from the energetic particle component exceeded both the thermal and magnetic field pressures. The shocks where energetic particles dominate the pressure are rare, but occasionally observed near 1 AU. Lario et al. ([@CR170]) found additionally five such shocks from STEREO-A data over 6 years of observations (2009--2014). As suggested by Russell et al. ([@CR277]) and Lario et al. ([@CR170]) energetic particles may modify shock properties when compared to cases without significant energetic particle effects.

ICME sheaths form due to both CME propagation relative to solar wind and expansion of the CME (e.g., Kaymaz and Siscoe [@CR152]; Siscoe and Odstrčil [@CR289]). We return to discuss the characteristics of propagation and expansion sheaths in Sect. [4.3](#Sec17){ref-type="sec"}. It is also worth noting that ICME sheaths accumulate gradually over long time periods and carry history of the interaction with the solar wind over a range of heliocentric distances (Siscoe and Odstrčil [@CR289]).

Sheath signatures and properties {#Sec16}
--------------------------------

ICME sheaths are distinctly different from the ICME proper (sometimes referred to as ejecta). Different solar wind properties in these structures are highlighted in Fig. [17](#Fig17){ref-type="fig"}. The figure illustrates that the magnetic field variations are considerably larger, and the temperature and density much higher in the sheath than in the MC.Fig. 18Probability distributions of various solar wind parameters in ICME sheaths (black) and ICME (red). The panels give: **a** magnetic field magnitude, **b** IMF north-south component, **c** root-mean-square of the magnetic field, solar wind **d** speed, **e** density, **f** temperature, **g** dynamic pressure, **h** plasma beta, **i** Alfvén Mach number, and **j** alpha to proton (He$\documentclass[12pt]{minimal}
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                \begin{document}$$^{+6}$$\end{document}$, and **l** Fe/O ratios. Panels **a**--**i** The data sets are 5-min OMNI data, panel **j** 1-h OMNI data and panels **k**--**l** are 1-h (2-h after August 2011) ACE/SWICS data. The numbers in parenthesis show the number of sheaths and ICMEs

Figure [18](#Fig18){ref-type="fig"} gives probability distributions for IMF intensity, its southward component, and several solar wind parameters calculated using the event list of Kilpua et al. ([@CR159]). Only the magnetic field and velocity distributions (panels [18](#Fig18){ref-type="fig"}a, b, d) are rather similar for sheaths and ICMEs, but all other parameters show significant differences. First, sheaths are clearly more turbulent than the ICMEs. Panel [18](#Fig18){ref-type="fig"}c shows that the distribution of the root-mean-square of the magnetic field magnitude has a pronounced tail in sheath regions. Different fluctuation levels are also visible in Fig. [19](#Fig19){ref-type="fig"} that shows superposed epoch analysis of Ultra Low Frequency (ULF) fluctuations in the IMF north-south component over the 3--10-min range for 41 sheath $\documentclass[12pt]{minimal}
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                \begin{document}$$+$$\end{document}$ ICME-events during Solar Cycle 23 (Kilpua et al. [@CR157]). The transition from the sheath to ICME is featured by a clear and abrupt drop in the fluctuation power.Fig. 19ULF power of the north-south component of IMF in ICME sheaths. The black line is the median. The red and blue lines are upper and lower quartiles, respectively. The length of all sheaths is scaled to 10 h (see Kilpua et al. [@CR157])

Other key differences are related to sheaths being compressed and often shocked structures, while the ICMEs typically expand strongly. This explains considerably higher temperatures and densities (and consequently higher dynamic and plasma pressure) in the sheaths (panels d and e in Fig. [17](#Fig17){ref-type="fig"}, and panels e and f in Fig. [18](#Fig18){ref-type="fig"}). In addition, although magnetic field distributions are relatively similar, due to much higher plasma pressure the sheaths have typically much larger plasma beta than ICMEs (panel [18](#Fig18){ref-type="fig"}h). Larger densities also lead to larger dynamic pressure and Alfvén Mach number in sheaths (panels [18](#Fig18){ref-type="fig"}g, i). These parameters are of paramount importance for solar wind--magnetosphere coupling and we return to these in Sect. [6](#Sec24){ref-type="sec"}.

The last three panels of Fig. [18](#Fig18){ref-type="fig"} give the alpha to proton ratio, the O$\documentclass[12pt]{minimal}
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                \begin{document}$$^{+6}$$\end{document}$ ratio and the iron to oxygen ratio. As discussed in the previous section, solar wind charge and compositional characteristics are particularly useful to distinguish plasma of different origins. All these parameters peak approximately at similar values in the sheaths and ICMEs, but ICMEs feature clearly more distinct tails. This is expected as sheaths largely form from the "nominal" solar wind plasma that is expected to have shorter confinement times in the corona and/or lower source temperatures than plasma that constitutes CME flux ropes (excluding the possible filament material).

The radial extensions of the sheaths are typically smaller than those of the ICMEs. The mean duration of the ICMEs that were used to compile Fig. [18](#Fig18){ref-type="fig"} was 26.5 h and their mean width 0.29 AU, while corresponding values for the sheaths are 11.1 h and 0.13 AU. Nevertheless, sheaths are also macro-scale interplanetary structures with their dimensions being a significant fraction of the astronomical unit. The thickness of the sheath depends on the speed and physical properties of the driving ICME (e.g., its shape and the radius of curvature), and the shock compression ratio (Russell and Mulligan [@CR275]). In addition, the thickness of the sheath increases from the nose of the ICME towards its flanks. Note that as ICME-driven shocks are generally more extensive than the driving ICMEs (see Fig. [1](#Fig1){ref-type="fig"}), in some cases the spacecraft may encounter only the shock and the turbulent sheath behind. In fact, the majority, if not all, "driverless shocks", i.e., shocks that do not have a clearly identifiable solar wind driver, are associated with ICMEs (e.g., Borrini et al. [@CR22]; Cane [@CR35]; Gopalswamy et al. [@CR99]; Janvier et al. [@CR139]).

The plasma waves and fine-structures in ICME sheaths have not yet been studied extensively. It is, however, expected that both kinetic-scale and fluid processes at the ICME-driven shock, within the sheath itself and at the ICME boundary can provide free energy for waves. Liu et al. ([@CR186]) performed a superposed epoch analysis to show that the plasma in particular in the sheaths of shock driving MCs is generally mirror unstable and there hence should be mirror mode waves. The superposed epoch analysis by Kilpua et al. ([@CR157]) showed that the power of the magnetic field and dynamic pressure ULF waves (see also Fig. [19](#Fig19){ref-type="fig"} for the $\documentclass[12pt]{minimal}
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                \begin{document}$$B_Z$$\end{document}$ ULF power) in ICME sheaths peaks close to the shock and close to the sheath--ICME boundary. Intense wave activity and large amplitude magnetic field fluctuations have been reported in particular downstream of ICME shocks (Kataoka et al. [@CR150]; Kajdič et al. [@CR147]). The neighbourhood of the sheath--ICME boundary is a much less studied region in terms of plasma wave activity. The accumulation of plasma and magnetic field from different sources during the interplanetary formation of the sheath introduces interfaces that are suitable places to find plasma discontinuities and reconnection exhausts (e.g., Kataoka et al. [@CR150]; Feng and Wang [@CR78]). Magnetic reconnection favours low plasma beta conditions ($\documentclass[12pt]{minimal}
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                \begin{document}$$\beta < 2$$\end{document}$) (e.g., Scurry et al. [@CR283]). Although the sheaths are higher beta structures than the ICMEs, according to Fig. [18](#Fig18){ref-type="fig"}h their beta distribution is biased to $\documentclass[12pt]{minimal}
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                \begin{document}$$\beta < 2$$\end{document}$ and magnetic reconnection may occur during higher plasma beta conditions if the shear angle of the magnetic field across the current sheet is sufficiently large (Phan et al. [@CR234]). Indeed, Feng and Wang ([@CR78]) found five reconnection exhausts within a high-beta sheath of an MC observed on 18--20 October, 1995.

Large-scale sheath structures {#Sec17}
-----------------------------

An ICME sheath region is a combination of a "propagation sheath" and an "expansion sheath". The former refers to a sheath that forms around an object propagating relative to the solar wind and the latter is due to an expanding object. Several of the global properties of the ICME sheaths are similar to the much more closely studied terrestrial magnetosheath. These similarities are characteristic of propagation sheaths, including the diversion of the solar wind flow and draping of the IMF around the ICME as well as the alignment of the magnetic field discontinuities parallel to the leading edge of the ICME (e.g., Siscoe and Odstrčil [@CR289]). Significant differences, however, arise because ICMEs also expand, whereas the planetary sheaths are almost pure propagation sheaths (e.g., Kaymaz and Siscoe [@CR152]; Siscoe and Odstrčil [@CR289]), disregarding the relatively small expansions and contractions in response to variations in the solar wind pressure. The expansion sheath characteristics listed by Siscoe and Odstrčil ([@CR289]) include lower deflection speeds relative to the incident flow and smaller sheath thickness (about 50% less) relative to the radius of curvature of the object/driver. In addition, the solar wind plasma accumulates at the ICME leading edge because the deflection is not strong enough to overcome the expansion to allow all plasma to flow around the ICME. This means that ICME sheaths are composed of layers of inhomogeneous IMF and plasma that accumulates as the CME propagates through the solar wind.Fig. 20Draping of the IMF around the ICME. Sketch of the draping of the IMF around and ICME in **a** the ecliptic plane and **b** the meridional plane. **c** Global MHD simulation results of a Parker spiral type IMF draping. The strength of the out-of-ecliptic IMF component is shown for a view towards the Sun (ignore the part within the oval that belongs to ICME).Panels (**a**) and (**b**) reproduced by permission from Gosling and McComas ([@CR104]); Panel (**c**) from Siscoe et al. ([@CR290]), copyright by AGU

Figure [20](#Fig20){ref-type="fig"} illustrates the above-mentioned IMF draping around the ICME in more detail. First, Fig. [20](#Fig20){ref-type="fig"}a illustrates that, in the ecliptic plane, draping and bunching of spiral interplanetary magnetic field lines leads to stronger field at the western flank of the ICME. Figure [20](#Fig20){ref-type="fig"}b) in turn shows the draping process in the meridional plane for the purely radial IMF. The direction of the draping here is determined by whether the preceding IMF points towards or away from the Sun and the launch direction of the CME with respect to the observer (the so-called Gosling--McComas-rule, see Gosling and McComas [@CR104]). The MHD simulation results in Fig. [20](#Fig20){ref-type="fig"}c) by Siscoe et al. ([@CR290]) assume the Parker spiral magnetic field (the spiral angle being on the average $\documentclass[12pt]{minimal}
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                \begin{document}$$45^{\circ }$$\end{document}$ at 1 AU). The plot indicates that the draping creates enhanced out-of-ecliptic field at the eastern flank of the ICME. The results described above demonstrate that the draping can generate out-of-ecliptic magnetic field components from the initially ecliptic fields. Out-of-ecliptic fields, when directed southward, are of great interest for space weather as we will discuss in Sect. [6](#Sec24){ref-type="sec"}. The observed signatures and properties of the ICME sheath hence depend strongly on the ambient IMF properties, CME launch direction and how far from the apex the spacecraft encounters the ICME. In addition, both global and small-scale sheath properties are expected to depend on whether the observations are made behind the quasi-parallel or quasi-perpendicular part of the shock, i.e., whether the angle between the shock normal and the upstream magnetic field is smaller or larger than $\documentclass[12pt]{minimal}
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                \begin{document}$$45^{\circ }$$\end{document}$ (e.g., Burgess et al. [@CR26]; Bale et al. [@CR14]).

The draping of the IMF is also one of the primary causes creating "planar magnetic structures" (PMSs) (e.g., Nakagawa et al. [@CR220]) within ICME sheath regions (e.g., Neugebauer et al. [@CR221]). These are periods when the variations of the magnetic field occur parallel to a single plane. PMSs are identified in most sheath regions and they typically cover a considerable part of the sheath (e.g., Jones and Balogh [@CR142]; Palmerio et al. [@CR230]). Another key mechanism that gives rise to PMSs in ICME sheaths is the amplification and alignment of pre-existing solar wind discontinuities at the ICME-driven shock. The formation of PMSs depends on the local plasma properties as well as on the characteristics of the ICME and its leading shock. For instance, PMSs are most frequent behind quasi-perpendicular strong and high-beta shocks and when the ICME expands strongly (e.g., Kataoka et al. [@CR150]; Palmerio et al. [@CR230]). The orientation of PMS planes can also yield information on the large-scale structure of the ICME flux rope and planar parts of the sheath are associated with the strongest out-of-ecliptic magnetic fields (e.g., Palmerio et al. [@CR230]).

Additional large-scale structures worth mentioning in ICME sheath regions are low and high plasma density regions sometimes found just adjacent to the ICME leading edge. Such features can be distinguished from Fig. [17](#Fig17){ref-type="fig"} as a clear dip in density just adjacent to the ICME leading edge (solid line) that is preceded by a density peak up to about 30 cm$\documentclass[12pt]{minimal}
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                \begin{document}$$^{-3}$$\end{document}$. The high density plasma region is called the "Pile-Up Compression" (PUC) region (e.g., Das et al. [@CR56]) and it accumulates already near the Sun, as overlying coronal arcades are dragged by the rising ICME flux rope (see the bright rim in the coronagraph image in Fig. [11](#Fig11){ref-type="fig"}). PUCs further develop as the ICME expands during its interplanetary propagation. The regions of low plasma density are also sometimes found in sheaths close to the leading edge of the ICME (e.g., Dasso et al. [@CR58]; Farrugia et al. [@CR77]). They likely reflect different density profiles and shock compressional properties encountered during the propagation of an ICME rather than being formed by plasma squeezing as is the case for plasma depletion layers in planetary magnetosheaths (e.g., Zwan and Wolf [@CR332]).

Particle acceleration at ICME shocks {#Sec18}
------------------------------------

The ICME shocks have an important role in the acceleration of solar energetic particles (SEP). The SEP events are often divided to impulsive and gradual events (e.g., Cane et al. [@CR38]; Reames [@CR241]) as illustrated in Fig. [21](#Fig21){ref-type="fig"}. The impulsive events are relatively short-lived, the energetic particles being observable for a few hours. They are electron-rich and the $\documentclass[12pt]{minimal}
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                \begin{document}$$^4$$\end{document}$He ratio is much smaller than in the impulsive events. The associated X-ray flares are typically soft. Kahler et al. ([@CR146]) noted that almost all gradual SEP events are associated with CMEs. This has later been confirmed, e.g., by SOHO and STEREO observations (e.g., Reames [@CR242], and references therein).Fig. 21Particle spectra of a gradual SEP event (left) and two consecutive impulsive events (right) as observed by the ISEE 3 spacecraft.Image reproduced by permission from Reames ([@CR241]), copyright by Springer

Energetic particles in impulsive events are thought to be accelerated close to the Sun by the rapid energy release in the impulsive phase of a solar flare and by the consequent strong wave activity. High $\documentclass[12pt]{minimal}
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                \begin{document}$$^{++}$$\end{document}$, whose gyro frequency is 2/3 of the proton gyro frequency. While the final particle spectra most likely are due to a complicated chain of processes, the role of wave--particle interactions, in particular with Alfvén ion cyclotron waves, is important (e.g., Petrosian et al. ([@CR233]), and references therein). Furthermore, Mason et al. ([@CR205]) suggest that the same process lies behind the acceleration of heavy elements in impulsive SEP events.

Before CMEs were identified in coronagraph images, both impulsive and gradual SEP events were related to solar flares and shock waves driven by them. Here the solar radio bursts played an important role. Wild et al. ([@CR317]) were the first to suggest that protons were accelerated by shock waves associated with Type II radio bursts. Also the original bimodal impulsive--gradual picture, proposed by Cane et al. ([@CR38]), was based on flare and radio burst observations, although the authors noted the relation of CMEs and gradual events.

The main ICME-related shock acceleration mechanism is presently considered to be the diffusive shock acceleration (DSA), the theory of which was introduced by Axford et al. ([@CR11]) Krymskii ([@CR166]), Bell ([@CR17]) and Drury ([@CR68]). During the acceleration process the accelerated particles must cross the shock several times, gradually gaining energy until they escape from the shock region. Consequently, an observer, say, at 1 AU sees energetic particles emitted from the shock typically all the way until the shock itself arrives. For example, in the left-hand panel of Fig. [21](#Fig21){ref-type="fig"} the energetic particle spectra rise soon after the CME release on the 5th December until the shock arrival on the 8th, indicated by the "shock peak" in the electron and lowest-energy proton fluxes. For a thorough review of the recent developments in shock acceleration theory, see Verkhoglyadova et al. ([@CR306]) and references therein.

To facilitate the multiple shock crossings there must be fluctuations both upstream and downstream of the shock that scatter the accelerated particles back to the shock. As the magnetic field close to the Sun is radial, the apex of the shock is almost parallel. This creates a foreshock where the upstreaming particles drive turbulence, which provides the scattering centres. While moving further away from the Sun the shock normal angle tends to become more quasi-perpendicular due to varying direction of the upstream magnetic field, and the shock normal angle is different in different sectors of the expanding shock front (Manchester et al. [@CR199]). The sheath region is turbulent behind both quasi-parallel and quasi-perpendicular shocks (e.g., Bale et al. [@CR14]; Burgess et al. [@CR26]). In particular, sheaths behind quasi-parallel shocks often exhibit strong turbulence, which can lead to rapid acceleration at interplanetary shocks (Zank et al. [@CR326]).

The DSA scenario may look simple but practical self-consistent calculations are far from straightforward (e.g., Verkhoglyadova et al. [@CR306], and references therein). The ambient plasma parameters and the formation of the suprathermal seed population to be accelerated can be very different from case to case. Furthermore, the spatial and temporal scales in the acceleration region extend from the large-scale MHD shocks to ion and electron kinetic-scale turbulence and individual accelerated particles. Consequently, the applied numerical acceleration models contain several parameters, some of which can only be determined in an ad-hoc manner. As an example of such an approach, Vainio et al. ([@CR300]) performed Monte Carlo simulations in their state-of-the-art semi-analytical foreshock model from about 6 to 60 solar radii. More similar studies together with data comparison are called for to gain better understanding of the ICME shock acceleration.

While the details of the acceleration processes still are under intensive research, it is clear that protons and other ions in gradual events can be accelerated to high energies at the shocks driven by fast ICMEs. However, large flares, shocks, CMEs and strong SEP events tend to occur together, although there does not need to be any causal relationship between CMEs and flares. The consequences of this were called the "big flare syndrome" by Kahler ([@CR144]). The apparent correlations can lead to a bias in statistical studies because the gradual events are orders of magnitude more intense than impulsive events, whereas the impulsive events are much more numerous. In fact, some studies have suggested that both flare ICME shock acceleration contribute to large SEP events but the relative abundances of different ion populations vary from case to case (e.g., Cane et al. [@CR41], [@CR42]). A thorough statistical study by Trottet et al. ([@CR298]) showed that acceleration by both flares and ICME-driven shocks contributes to the production of tens of MeV-proton and nearly-relativistic electron populations in large SEP events. This conclusion was further supported by Dierckxsens et al. ([@CR64]) and Grechnev et al. ([@CR110]) who pointed out that the fluxes of highest-energy solar protons ($\documentclass[12pt]{minimal}
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                \begin{document}$$>60$$\end{document}$ MeV) have a stronger correlation with the flare intensity than the CME speed, whereas for lower energies the correlation is the opposite. Consequently, there is no unique division between impulsive and gradual events as the impulsive component can be hidden under the much more intense shock accelerated component during gradual events. For the viewpoint of the present review we do not need to involve ourselves more in this long-standing debate.

A further challenge with SEP events is their east-west variability. Most events have been measured at one or, at most, at a few single points in space and the global picture has been formed by compiling observations of different events with different characteristics together (e.g., Cane et al. [@CR39]). That gradual events can have a wide longitudinal extent is understandable, as ICME-driven shocks are longitudinally wide and expand during the propagation. de Lucas et al. ([@CR60]) analyzed all ICME-driven shocks during 1974--1986 that had been observed by multiple spacecraft, including observation by Helios. They found that there was a 50% chance to observe a shock at two locations separated by $\documentclass[12pt]{minimal}
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                \begin{document}$$160^\circ $$\end{document}$. However, the energetic particle enhancements can be longitudinally even wider than the shock. This may at least partially be attributed to cross-field diffusion in the interplanetary space but also the shock may have been longitudinally wide near the Sun than in the interplanetary space (e.g., Cliver et al. [@CR47]; Rouillard et al. [@CR272]; Lario et al. [@CR171], and references therein).

Combining data from STEREO-A and -B and near-Earth spacecraft, a significant number of individual SEP events have been observed at multiple locations (e.g., Richardson et al. [@CR261]; Ebert et al. [@CR71]). A particularly interesting SEP event took place on November 11, 2011, and was observed by near-Earth spacecraft, both STEREO spacecraft and MESSENGER. In this case the energetic particles spread very rapidly from an event behind the east limb to both STEREO spacecraft and to the Earth. According to Gómez-Herrero et al. ([@CR93]) the particle enhancement was almost circumsolar although the data indicated that all particles originated from a single active region on the Sun. Their conclusion was that the data were not consistent with propagation by diffusive transport alone, as seems to have been the case in an earlier event on January 17, 2010 (Dresing et al. [@CR67]).

Variation of ICME and sheath properties during the solar cycle and with location in the heliosphere {#Sec19}
===================================================================================================

In this section we first introduce how the properties and frequency of ICMEs and their sheaths vary with solar cycle and discuss briefly the origin of these variations. We continue by discussing the identification of ICMEs at large heliospheric distances and explaining how ICMEs vary with the radial distance from the Sun and with the heliospheric latitude. We conclude this section by reviewing ICME interactions with other large-scale solar wind structures, such as stream interaction regions, fast streams, heliospheric plasma sheet and other ICMEs as well as with the "quiet" background solar wind.

Solar cycle variations {#Sec20}
----------------------

Fig. 22Annual variations in the ICME (black) and sheath (blue) occurrence rate and properties. The panels show *a* the yearly mean sunspot number from Solar Influences Data Center (<http://sidc.oma.be>), and the annual number of *b* ICMEs, and *c* the ICMEs that drove shocks, the annual means of *d* the duration, and the peak *e* magnetic field, and *f* speed in ICMEs (black) and sheaths (blue). The error bars give the standard deviations. The years when three or less events occurred are excluded from panels (*d*--*f*). The ICME intervals are from the Richardson and Cane ICME list. The sheath intervals are determined using the ICME leading edge times given in Richardson and Cane list and the shocks time from the Interplanetary Shock Database of the University of Helsinki ([www.ipshocks.fi/](http://www.ipshocks.fi/)). Note that here we consider as "sheaths" only the cases where an ICME was preceded by a fully developed shock Fig. 23The top panel shows the monthly sunspot number. The next three panels show the percentage (three solar rotation averages) of the solar wind flows associated with ICMEs, high-speed streams and solar solar wind for over more than four solar cycles (1963--2011).The figure is from Richardson and Cane ([@CR257])

Solar cycle variations in ICME rates and properties have been studied by various authors (e.g., Jian et al. [@CR141]; Richardson and Cane [@CR257]; Wu and Lepping [@CR325]). The variations in sheath properties are, however, much less investigated. In Fig. [22](#Fig22){ref-type="fig"} we show the number of ICMEs and shock-driving ICMEs, and the average durations, and peak magnetic fields and speeds for ICMEs and sheaths in the near-Earth solar wind over almost two solar cycles (1996--2015).

The three top panels of Fig. [22](#Fig22){ref-type="fig"} show that near solar minimum only a few ICMEs were reported, compared to over 50 events per year at Solar Cycle 23 maximum. The number of shock-driving ICMEs (third panel) also varies roughly in phase with the solar activity cycle. Richardson and Cane ([@CR257]) studied the near-Earth solar wind flows spanning over four solar cycles. Figure [23](#Fig23){ref-type="fig"} from their paper shows clearly the tendency of ICME-related flows (including here contribution from sheaths) to vary in concert with the solar activity cycle. The figure also reveals that near solar maximum ICME-related flows were present up to 40--60% of the time, while decreasing to only 5% near solar minimum.

The correlation between the ICME and CME rates and the sunspot number is, however, known to be non-perfect (e.g., Riley et al. [@CR266]; Richardson and Cane [@CR257]). For instance, high latitude CMEs frequently deflect towards lower latitudes, in particular near solar minimum (e.g., Cremades et al. [@CR49]; Kilpua et al. [@CR154]), and the variations in the preferred latitudes of the source regions of CMEs, namely streamer belt, active regions and polar crown filaments, also affect the fraction of CMEs that intercept the ecliptic (e.g., Hundhausen et al. [@CR127]; Kilpua et al. [@CR155]).

The bottom three panels of Fig. [22](#Fig22){ref-type="fig"} show that ICMEs (black curves) and sheaths (blue curves) tend to have, on average, longer durations and stronger peak magnetic fields and to be faster near solar maximum than during quiet times. The strongest average peak fields and the fastest speeds are, however, found in the declining phase. These solar cycle trends reflect the solar cycle variations in CMEs (e.g., Jian et al. [@CR141]; Webb and Howard [@CR312]), but the ambient solar wind structure to which CMEs are launched is also important. For example, the occurrence of the highest average ICME speeds in the declining activity phase may be related to the prevalence of fast solar wind from the polar coronal holes (e.g., Mursula et al. [@CR218]) increasing the background speed, and consequently the average ICME speeds (e.g., Gopalswamy et al. [@CR98]; Kilpua et al. [@CR156]; Richardson and Cane [@CR258]; Richardson [@CR250]). Figure [22](#Fig22){ref-type="fig"} also shows that ICMEs and sheaths had, on average, weaker magnetic fields and they were less frequent during Solar Cycle 24 than during the previous, clearly stronger, cycle.

A particularly important solar cycle trend is the variation in the magnetic complexity of ICMEs. Near solar minimum almost all ICMEs detected near the ecliptic at 1 AU are well-defined MCs, while towards solar maximum the fraction of MCs decreases dramatically to only about 10--20% (e.g., Richardson and Cane [@CR254]; Huttunen et al. [@CR130]; Jian et al. [@CR141]; Riley et al. [@CR266]; Riley and Richardson [@CR263]). This trend is consistent with a considerably higher fraction of ICMEs being crossed near the apex at solar minimum than at solar maximum (Jian et al. [@CR141]). At solar minimum CMEs originate predominantly from low latitude sources (e.g., Hundhausen et al. [@CR127]) and the high-latitude eruptions deflect towards the ecliptic as discussed above. In addition, when the Sun is active, the likelihood of interactions between CMEs increases and CMEs may merge so that individual flux rope characteristics cannot be discerned anymore (see the following sections). It is also possible that near solar minimum CMEs have intrinsically simpler structure than near solar maximum (e.g., see Sheeley et al. [@CR286], and discussion in Kilpua et al. [@CR158].Fig. 24Solar cycle variations of NS- and SN-type bipolar magnetic clouds, and bipolar (S and N types combined) and unipolar (SN and NS types combined) magnetic clouds in the near-Earth solar wind. The four first panels show the annual counts and the fifth panel shows the N and S tilt angle of the heliospheric current sheet. The flux rope types are illustrated in Fig. [5](#Fig5){ref-type="fig"}. In this figure the letters refer only to the north-south magnetic field component (e.g., N can present both ENW and WNE type flux ropes). Image reproduced by permission from Li et al. ([@CR180]), copyright by Springer, where the third panel was erroneously labeled as bipolar, while it clearly shows the northward unipolar clouds

Figure [24](#Fig24){ref-type="fig"} from Li et al. ([@CR180]) shows how the annual counts of bipolar and unipolar MCs vary over three solar cycles. The last panel in the figure shows the northern and southern tilt angle of the heliospheric current sheet, which follows the solar activity cycle (tilt is small near solar minimum and increases towards the maximum). For unipolar clouds the variations are mostly random, but bipolar clouds have a clear solar cycle trend. From the late declining phase of *odd* numbered solar cycles to the next rising phase, MCs with north-to-south (NS) field rotation are clearly more abundant, while during the corresponding phases of *even* numbered cycles south-to-north (SN) rotation dominates. At solar maximum when the global solar field changes sign, both SN and NS polarities are observed approximately at the same frequency. Hence, one can conclude that the Sun's 22-year magnetic (Hale) cycle controls the type of flux ropes that are launched from the Sun (see also e.g., Mulligan et al. [@CR215]; Bothmer and Schwenn [@CR25]; Huttunen et al. [@CR130]). The relative number of right- and left-handed clouds (not shown in Fig. [24](#Fig24){ref-type="fig"} remains roughly the same at all times, in agreement with the general "hemispheric helicity rule" (e.g., Bothmer and Schwenn [@CR25]; Li et al. [@CR180]).

As is clear from Fig. [24](#Fig24){ref-type="fig"} observations from a single observation point provide rather limited statistics. Li et al. ([@CR181]) showed that the annual number and polarity of MCs varied significantly between L1 and at two STEREO spacecraft, emphasizing the importance of having wider heliospheric coverage. They also found excursions from the otherwise clear solar cycle trend for the polarity of bipolar MCs for Solar Cycle 24.

ICMEs at various heliospheric distances {#Sec21}
---------------------------------------

So far in this review we have covered almost solely observations made at 1 AU where continuous solar wind observations have been available for about two solar cycles. A number of spacecraft have also probed the solar wind at different heliospheric distances, including Helios 1 and 2 (0.3--1 AU), Ulysses (1--5.4 AU), and the Voyagers (up to the heliopause). In addition, planetary missions, such as Pioneer Venus Orbiter, Cassini, MESSENGER, MAVEN and Venus Express, have provided occasional ICME observations, but typically with limited plasma and compositional/charge state information. Solar Orbiter (expected launch in 2019) and Parker Solar Probe (expected launch in 2018) will provide future observations at much closer distances from the Sun. Solar Orbiter's perihelion will be at 0.28 AU, i.e., well inside Mercury's orbit, while Parker Solar Probe will plunge as close as 10 solar radii from the Sun.

The identification of ICMEs becomes more problematic with increasing heliospheric distance. As CMEs propagate away from the Sun their magnetic field becomes weaker and they attain the pressure balance with the surrounding solar wind. For example, according to ideal MHD model for an expanding MC developed by Osherovich et al. ([@CR225]) the field enhancements with respect to the ambient solar wind can be seen up to 5--10 AU. As a consequence, at large heliospheric distances ICMEs are identified primarily from their plasma (mainly low temperature), and compositional/charge state signatures. Ulysses observations also show that counter-streaming electrons are found in ICMEs near 5 AU with approximately at the same frequency as at 1 AU. This suggests that the rate at which magnetic field lines open slows considerably as the ICME propagates further out into the heliosphere and that ICMEs remain connected to the Sun at such distances (Crooker et al. [@CR54]).Fig. 25An ICME detected by Wind at 1 AU, Ulysses at 5.3 AU and Voyager 2 at 58 AU (bottom panel) using the total pressure (magnetic + plasma) perpendicular to the magnetic field (not available from Voyager 2) and alpha to proton ratio (He$\documentclass[12pt]{minimal}
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                \begin{document}$$^+$$\end{document}$). The data from different spacecraft are time-shifted to align the ICMEs.Image reproduced by permission from Richardson et al. ([@CR260]); copyright by COSPAR (see also references therein)

A few ICMEs have even been identified at very large heliospheric distances ($\documentclass[12pt]{minimal}
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                \begin{document}$$> 50$$\end{document}$ AU) from the Voyager data (e.g., Richardson et al. [@CR260], and references therein). Figure [25](#Fig25){ref-type="fig"} shows an ICME that erupted from the Sun on 23 September 1998 and that was detected first near the Earth by Wind, then by Ulysses at the distance of 5.3 AU and finally by Voyager 2 as far as 58 AU from the Sun. At Voyager, the ICME was identified based on the enhanced helium to proton ratio. In a recent study, Witasse et al. ([@CR320]) tracked a CME that erupted from the Sun on October 2014 through the heliosphere using observations by several spacecraft. The CME was first detected by STEREO-A near 1 AU, then at Mars at 1.4 AU by Mars Express, Mars Odyssey and MAVEN, followed by Rosetta at 3.1 AU and Cassini at 9.9 AU, and finally by New Horizons at 32 AU when it was heading to Pluto. The authors also found indications of this ICME after over 1 year from its launch from the Voyager 2 data when the spacecraft was passing through the heliosheath at the distance of 111 AU from the Sun. A decrease in galactic cosmic rays was a key identifying ICME signature at Voyager 2. Forbush decreases were detected by Mars Odyssey and Mars Science Laboratory, and by Rosetta and Cassini.

In their review paper, Richardson et al. ([@CR260]) combined results from several previous studies to investigate how ICME radial widths and properties change in the inner and outer heliosphere (see also Table 1 from Forsyth et al. [@CR82]). The studies were based on observations from Helios 1 and 2, Wind, ACE, Ulysses, Pioneer 10 and Voyager covering distances between 0.3 and 30 AU. As we discussed in Sect. [2](#Sec2){ref-type="sec"}, ICMEs expand after they are launched from the Sun, and as consequence their radial widths increase significantly. The expansion in interplanetary space is primarily driven by decreasing total solar wind pressure with increasing distance from the Sun, although closer to the Sun the internal over-pressure within the CME can also be an important contributor (e.g., von Steiger and Richardson [@CR309]; Démoulin and Dasso [@CR61]). Figure [26](#Fig26){ref-type="fig"} shows that the average radial width (calculated from the best fit line) increases from 0.17 AU at 0.3 AU to 2.2 AU at 15 AU. After this, the radial widths stay more or less constant reflecting that expansion ceases and ICMEs reach the pressure balance with the ambient solar wind.Fig. 26The width of ICMEs as a function of the heliospheric distance *R* from the Sun. Diamonds show the radial widths of ICMEs that were combined by Richardson et al. ([@CR260]) using previously published ICME lists. The widths averaged over 3 AU are shown by horizontal bars and the vertical bars give the error of the mean. The dashed line gives the best linear fit to observations inside 15 AU where ICMEs generally still expand.Image reproduced by permission from Richardson et al. ([@CR260]), copyright by COSPAR

The changes in the average temperature, density and magnetic field in ICMEs as well as in the quiet solar wind are shown in Fig. [27](#Fig27){ref-type="fig"}. When ICMEs propagate away from the Sun and expand, their magnetic field, temperature and density decrease. While magnetic field and density in ICMEs decrease faster than in the ambient solar wind, the temperature decreases more slowly (see the *R* dependencies from Fig. [27](#Fig27){ref-type="fig"}). Similar to the ambient solar wind speed, the average ICME speeds (data not shown) remain roughly constant throughout the heliosphere. These trends have also been confirmed by radially aligned spacecraft that have encountered the same ICME (e.g., see Forsyth et al. [@CR82]; Good and Forsyth [@CR96], and references therein).Fig. 27The panels show from top to bottom the average solar wind density, speed, temperature and magnetic field magnitude as a function of heliospheric distance (*R*) from the Sun. Also shown are fits to the (solid) ICME data and fits to the (dashed) ambient, i.e., non-ICME, solar wind data. The data points combine measurements from Helios 1 and 2, Wind, ACE, Ulysses and Voyager spacecraft.Image reproduced by permission from Richardson et al. ([@CR260]), copyright by COSPAR; see also the references therein

The ICME sheaths also evolve with increasing heliospheric distance. When ICMEs expand, their sheaths are relatively thick but when the radial expansions ceases, the relative sheath thickness decreases (e.g., Richardson [@CR249]). The lateral expansion, however, has not been quantified at large heliospheric distances due to the lack of consistent measurements at high latitudes. The draping of the magnetic field increases the further an ICME propagates and expands through more slowly moving solar wind (e.g., McComas et al. [@CR207]). Intriligator et al. ([@CR132]) analysed planar magnetic structures (PMS) throughout the heliosphere in a sheath of the Halloween 2003 CME. As discussed in Sect. [4.3](#Sec17){ref-type="sec"}, PMSs are intervals where the magnetic field vectors remain parallel to a fixed plane over an extended time period. The authors combined measurements from ACE (1 AU), Ulysses (5.2 AU), Cassini (8.7 AU), Voyager 1 (73.2 AU) and Voyager 2 (93 AU). The analysis showed that PMSs became more clearly defined as the ICME propagated outward in the heliosphere and their planes became more normal to the radial direction. Figure [28](#Fig28){ref-type="fig"} shows the magnetic field data from Voyager 2 and examples of the identified planar and non-planar intervals.Fig. 28(Left) Voyager 2 magnetic field data measured within the ICME sheath region at the heliospheric distance of 73.2 AU from the Sun. The panels give from top to bottom the magnetic field components in the RTN coordinates and the magnetic field magnitude. Intervals A and B are planar structures, while the horizontal blue bar indicates the interval where PMSs were not found. (Right) The $\documentclass[12pt]{minimal}
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ICMEs observed off-the ecliptic {#Sec22}
-------------------------------

The majority of observations of heliospheric plasma and IMF come from the near-ecliptic spacecraft. Ulysses is so far the only spacecraft that has consistently probed the solar wind at large heliographic latitudes. Between 1992 and 2009 Ulysses made three high-latitude scans reaching the maximum latitude of about $\documentclass[12pt]{minimal}
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                \begin{document}$$80^{\circ }$$\end{document}$ both south and north of the ecliptic. The first and third polar scans in 1992--1997 and 2004--2009 covered declining and minimum solar activity phases, while the second polar pass in 1998--2003 coincided with increasing and maximum solar activity phases. The future higher-latitude observations will be provided by Solar Orbiter that will reach latitudes up to $\documentclass[12pt]{minimal}
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During the Ulysses first and third polar scans ICMEs were confined to lower latitudes, whereas during the second scan that coincided with high solar activity ICMEs were identified up to the maximum latitude reached by Ulysses (e.g., Gazis et al. [@CR88]; von Steiger and Richardson [@CR309]; Richardson [@CR251]). As expected, at lower heliographic latitudes ($\documentclass[12pt]{minimal}
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                \begin{document}$$> 40^{\circ }$$\end{document}$) ICME rate increased from practically zero close to solar minimum to 0.8 ICMEs per Carrington rotation at solar maximum (Richardson [@CR251]). Even though the high-latitude ICME rate clearly increased with the increasing solar activity, it was still below the low latitude ICME rate that was reported to be 0.9--1.5 ICMEs/Carrington rotation by Richardson ([@CR251]) at solar maximum.

As discussed, e.g., by Gazis et al. ([@CR88]) and Richardson ([@CR251]) the above results can be explained by most CMEs originating from mid-latitude active regions during high solar activity, while during solar minimum the main CME source is the streamer belt that is confined at low latitudes. In addition, as discussed in Sect. [5.1](#Sec20){ref-type="sec"}, at solar minimum high-latitude CMEs from polar crown filaments tend to deflect towards lower latitudes. The compositional and charge state signatures of ICMEs also reflect the variations in dominant source regions at different latitudes. Richardson ([@CR251]) reported that elevated ion charge states are most common below $\documentclass[12pt]{minimal}
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                \begin{document}$$40^{\circ }$$\end{document}$, but the probability decreases again for ecliptic ICMEs. The authors suggest that ICMEs with higher charge states are those whose latitudes match best with the mid-latitude active regions. Plasma in active region CMEs is expected to have been heated more strongly in the eruption process (often including flares) than in CMEs that originate from the streamer belt or from polar crown filaments. The ICMEs seen at the highest latitudes can be part of ICMEs that originate from mid-latitude active regions and then expand towards higher latitudes. For example, Reisenfeld et al. ([@CR247]) studied two ICMEs observed by Ulysses both in the ecliptic and at latitudes exceeding $\documentclass[12pt]{minimal}
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The ICME speed also depends on the heliospheric latitude. While during the first Ulysses fast latitude scan high-latitude ICMEs were absent, the lower latitude ICMEs (up to about $\documentclass[12pt]{minimal}
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                \begin{document}$$40^{\circ }$$\end{document}$) showed increasing minimum speed with the heliospheric latitude (Richardson [@CR251]). During the next scan that coincided with high solar activity this trend was not observed. This observed increase in the minimum ICME speed with latitude during solar minimum is presumably due to the increasing ambient solar wind speed due to fast streams from polar coronal holes. At solar maximum there is clearly less latitudinal variation in the solar wind speed (e.g., McComas et al. [@CR209]). Gosling et al. ([@CR109]) also noted that nine ICMEs they studied during the Ulysses first fast latitude scan at latitudes between $\documentclass[12pt]{minimal}
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                \begin{document}$$^{-1}$$\end{document}$ near the ecliptic (see e.g., Fig. [22](#Fig22){ref-type="fig"}).

Richardson ([@CR251]) also reported that the fraction of MCs from all ICMEs increased somewhat with the increasing heliospheric latitude from the ecliptic. This is consistent with the assumption that non-MC ICMEs are cases where the core of the flux rope is not intercepted. As discussed above, near solar maximum when the ICME rate is highest, the active regions are clustered at mid-latitudes.

Gosling et al. ([@CR108]) studied a forward--reverse shock pair associated with a Ulysses ICME at the latitude of $\documentclass[12pt]{minimal}
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                \begin{document}$$32.5^{\circ }$$\end{document}$. The authors concluded that the CME expansion due to high initial internal plasma and magnetic field pressures was the main driver of the shock pair and they coined the term "over-expanding ICME". A later study by Gosling et al. ([@CR109]) analyzed a case where the same CME was observed by IMP-8 near the ecliptic and by Ulysses at a high heliographic latitude at 3.5 AU. The near-ecliptic observations showed only a fast forward shock leading the ICME, while Ulysses observed a reverse--forward shock pair. The observations during the second fast latitude scan by Ulysses confirmed that over-expanding ICMEs are observed also during solar maximum, but are relatively less frequent than near solar minimum (e.g., Reisenfeld et al. [@CR247]). The over-expanding ICMEs tend to have large radial widths. For example, the ICME event studied by Richardson et al. ([@CR259]) (see also von Steiger and Richardson [@CR309]) had a diameter of 0.6 AU at the location of Wind, much larger than the average ICME width at these distances (see Table [1](#Tab1){ref-type="table"}).

Observations of ICME interactions in the heliosphere {#Sec23}
----------------------------------------------------

Interactions of ICMEs with each other or with the ambient solar wind can considerably change their internal structure and affect their kinematics. In addition, the interfaces where the interaction takes place are particularly interesting as they provide direct observations of fundamental plasma physical processes, such as turbulence and magnetic reconnection. For a comprehensive review on CME interactions during their propagation see, e.g., Manchester et al. ([@CR201]).

As CMEs arise from closed field line regions, the majority of ICMEs in the ecliptic are found either in the slow solar wind or at the leading edges of fast solar wind streams (e.g., Kilpua et al. [@CR160]; Rodriguez et al. [@CR269]; Benacquista et al. [@CR18]). A trailing fast stream can significantly compress plasma and the magnetic field in the rear of the ICME (e.g., Fenrich and Luhmann [@CR79]; Kilpua et al. [@CR156]), enhancing also its ability to drive space weather disturbances. Interacting ICMEs are generally more difficult to model due to non-force-free effects and, if merged significantly, their lack of a clear field rotation. In particular at increasing heliospheric distances ICMEs get more and more engulfed into fast streams and they become part of larger-scale heliospheric structures called compound streams (e.g., Burlaga et al. [@CR31]). On the other hand, an ICME may also collide with a slower and higher density heliospheric plasma sheet ahead, which may compress its front part (see e.g., Kataoka et al. [@CR151]).

Interactions between multiple ICMEs can lead to particularly complex interplanetary structures. Sometimes successive ICMEs follow each other without significant interference, but in some cases they merge into "complex ejecta" where characteristics of individual ICMEs are lost (e.g., Burlaga et al. [@CR34]; Lugaz et al. [@CR192]). As stated by Burlaga et al. ([@CR34]) merging is a nonlinear and irreversible process, where memory of the source conditions is lost. The merging takes place due to magnetic reconnection between the consecutive CMEs (see Lugaz et al. [@CR195], and references therein). Figure [29](#Fig29){ref-type="fig"} shows an example of a complex ejecta observed during September 16--22, 2000. It was related to four CMEs launched from the same active region within less than a day. A characteristic property of complex ejecta is that their speed profile shows first a rapid rise to a maximum followed by a much slower decline. As noted by Burlaga et al. ([@CR34]) such a speed profile resembles a fast solar wind stream.

Particularly strong magnetic fields in interplanetary space can result when interacting ICMEs do not merge significantly. An example is a complex ICME on 23 July 2012 observed in-situ at STEREO-A. It resulted from two powerful CMEs that interacted very close to the Sun and had one of the highest magnetic fields (109 nT) ever measured near the Earth orbit (e.g., Liu et al. [@CR189]). The factors that control the CME--CME interactions are not yet well understood but the details should depend, e.g., on their relative launch direction, timing, speed and the magnetic field orientation (e.g., Lugaz et al. [@CR193]). An ICME shock that is overtaking the preceding ICME can additionally compress the magnetic field within the ICME (Burlaga [@CR28]; Lepping et al. [@CR175]).Fig. 29A complex ejecta. The panels show from top to bottom: solar wind speed, temperature, density, alpha to proton and O$\documentclass[12pt]{minimal}
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                \begin{document}$$^{+7}$$\end{document}$ ratio, elevation and azimuth angle of the magnetic field, and magnetic field magnitude.Image reproduced by permission from Burlaga et al. ([@CR34]), copyright by AGU

Even interactions with the quiet solar wind may have a significant impact on ICME properties. In particular, magnetic reconnection is a common phenomenon at the flux rope boundaries and can erode a significant fraction of the cloud's magnetic flux and affect its geoeffectivity (Lavraud et al. [@CR173]). Studies of azimuthal flux imbalance (see the method in Dasso et al. [@CR58]) suggest that near the Earth's orbit the average flux erosion could be as much as 40% of the original flux (Ruffenach et al. [@CR274]). The erosion may increasingly peel away the magnetic flux as the ICME propagates further out in the heliosphere (e.g., McComas et al. [@CR207]). Figure [30](#Fig30){ref-type="fig"} shows how the erosion leads to the asymmetric profile of the azimuthal flux (red curve) and in the rotation profile of the magnetic field direction. Whether or not, and how fast, reconnection takes place, depends largely on the relative orientation of the magnetic field and speed at the boundaries and the thickness of the resulting current sheet (e.g., Schmidt and Cargill [@CR278]). The gradual peeling of the magnetic flux will decrease the radial width of the MC and it has also been proposed as a possible explanation why MCs often occupy only a portion of the more extended ICME structure (see Sect. [2.2](#Sec4){ref-type="sec"}).Fig. 30Illustration of the magnetic configuration of (left) a non-eroded magnetic cloud and (right) an eroded magnetic cloud. The red curve shows the variations of the accumulated azimuthal flux and the blue and black lines the variations in the field components. The coordinate system is the MC frame (see definition, e.g., in Dasso et al. [@CR57]).Image reproduced by permission from Ruffenach et al. ([@CR273]), copyright by AGU

Space weather driven by ICMEs and sheaths {#Sec24}
=========================================

Space weather refers to the changing conditions on the Sun, in the solar wind and in planetary space environments, including the ionosphere and the upper atmosphere, that can affect the performance and reliability of man-made systems on ground or in space, and endanger human life or health. Space weather has become increasingly important due to the growing dependence of the society on space infrastructure and systems sensitive to electromagnetic disturbances and energetic particle radiation (e.g., Baker and Lanzerotti [@CR12]). ICMEs and their shocks and sheaths are the most important drivers of hazardous space weather, as they both interact directly with the planetary space environments and accelerate particles to high energies. This section starts with discussing ICMEs and sheaths as drivers of geomagnetic activity. We cover separately the storms in the magnetosphere and auroral zone activity. Thereafter we briefly review the effects of ICMEs and sheaths on radiation belts and the atmosphere. We conclude with a short discussion on ICMEs and exoplanets. A particular aspect on which we are focusing in this part of the review is how different properties of ICMEs and sheaths (see Sect. [4.2](#Sec16){ref-type="sec"}) affect the resulting space weather disturbances.

ICMEs/sheaths as drivers of storms in the magnetosphere {#Sec25}
-------------------------------------------------------

Magnetic storms are defined as long-lasting (hours to days and even weeks) disturbances in the horizontal component of the geomagnetic field (e.g., Gonzalez et al. [@CR94]; Pulkkinen [@CR238]). The primary driver of such disturbances is the large-scale advection, often called in this context convection, in the magnetosphere, first suggested by Dungey ([@CR70]), that energizes and transports particles into the near-Earth magnetosphere. In the Dungey cycle magnetic reconnection at the subsolar magnetopause opens the closed terrestrial field. The newly-opened field lines are carried antisunward with the solar wind and the magnetic flux accumulates in the tail lobes. At some point this leads to reconnection in the distant magnetotail, closing the flux again. The newly-closed flux is advected back to the dayside magnetosphere. This leads to buildup of a strong ring current created primarily by the drift of electrons and ions in the energy range of few tens of keVs to several hundreds of keVs. The enhancement of the ring current electron flux in the inner magnetosphere is a hazard to the high-altitude satellites, as these electrons can cause spacecraft surface charging and associated anomalies (e.g., Garrett [@CR87]; Lanzerotti et al. [@CR169]; Ganushkina et al. [@CR86]). The 1-h Dst index, which is constructed from low-latitude magnetometer observations, gives a rough estimate of the equatorial ring current intensity. Another widely used storm-time index is the 3-h Kp-index, based on mid-latitude magnetograms (for a description of geomagnetic indices see, e.g., Mayaud [@CR206]).

The reconnection at the dayside magnetosphere occurs when the solar wind and terrestrial magnetic fields are anti-parallel, or at least have anti-parallel components. To drive a storm the IMF has to have a sufficiently large and long-lasting southward magnetic field component (e.g., Dungey [@CR70]; Gonzalez et al. [@CR94]). For example, according to Gonzalez et al. ([@CR94]), for a moderate Dst storm (Dst $\documentclass[12pt]{minimal}
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The role of ICMEs in driving magnetic storms has been a long-debated topic. By the 1850s, it was evident that some solar flares were connected with geomagnetic activity (e.g., Carrington [@CR43]) around a day or more later, though the link between the two phenomena was unclear. As we discussed in the introduction, the plasma clouds originating from the Sun were suggested as the causes of geomagnetic disturbances even before space era by various authors. Even after the CMEs were finally found, the dispute whether geomagnetic storms were driven by flares or by CMEs lasted until conclusive evidence in favour of CMEs was gathered, as summarized in the landmark paper "The Solar Flare Myth" by Gosling ([@CR102]). The International Solar Terrestrial Physics (ISTP) Program was created in the early 1990s to study the Sun--Earth connection with multiple spacecraft focusing on the Sun, the solar wind, and different parts of the magnetosphere (Acuña et al. [@CR2]). This program was successful indeed in generating an extensive set of case studies demonstrating the sequence of events from the solar surface to the magnetosphere and ionosphere (e.g., Fox et al. [@CR84], and the other papers in the same topical issue of *Geophys. Res. Lett.*).

The strong and slowly rotating magnetic field within an ICME (particularly in the flux rope part), when oriented anti-parallel to the geomagnetic field on the dayside magnetopause, intensifies the large-scale magnetospheric convection and, consequently, the ring current. Figure [31](#Fig31){ref-type="fig"} shows an example of a magnetic storm driven by a sheath and a MC. The sheath and MC are clearly distinguished by the level of fluctuations in the magnetic field. The sheath has large-amplitude variations in the $\documentclass[12pt]{minimal}
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                \begin{document}$$B_Z$$\end{document}$ stays southward during the whole passage of the MC. The Dst index starts to decrease during the passage of the sheath region, but the main decrease in this event occurs during the leading half of the MC, where the strongest and persistent southward field is present. The storm then begins to recover when the southward field declines further into the MC.Fig. 31Example of a sheath and a magnetic cloud driving geomagnetic activity on December 14--16, 2006. The panels show from top to bottom: *a* magnetic field magnitude, *b* magnetic field north-south component (in GSM coordinates), *c* solar wind speed, *d* solar wind dawn-dusk electric field, *e* Dst, *f* AE (see Sect. [6.2](#Sec26){ref-type="sec"}) and *g* Kp. The data are 1-min OMNI data, Dst is 1-h average and Kp 3-h average. The dashed red line marks the shock and the pair of solid lines marks the MC interval

We now know that ICMEs are the prime source of intense magnetic storms (e.g., Gosling et al. [@CR107]; Webb et al. [@CR313]; Huttunen and Koskinen [@CR128]; Zhang et al. [@CR328]; Richardson and Cane [@CR258]) and hence the occurrence rates of both track the solar activity cycle (e.g., Richardson and Cane [@CR258]). Figure [32](#Fig32){ref-type="fig"} shows the drivers of geomagnetic storms according to the NOAA storm scale classification from minor (the NOAA storm scale class G1, corresponding to Kp $\documentclass[12pt]{minimal}
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                \begin{document}$$=$$\end{document}$ 9) storms over four solar cycles for solar minimum and maximum periods. ICMEs drive nearly all storms in the three strongest storm categories, but are also important drivers of moderate and weak storms particularly near solar maximum. Note that this analysis assigns the drivers to three categories of slow and fast solar wind, and "CME-associated" structures which include the sheath and ICME/magnetic cloud.Fig. 32Drivers of geomagnetic storms around solar minimum and solar maximum accumulated over four solar cycles (1964--2011). The geomagnetic storm definition follows NOAA storm scale (<http://www.swpc.noaa.gov/noaa-scales-explanation>).Image reproduced by permission from Richardson and Cane ([@CR258]), copyright by the authors

According to Figs. [18](#Fig18){ref-type="fig"} and [19](#Fig19){ref-type="fig"}, sheaths have many properties that enhance solar wind--magnetosphere coupling efficiency (see the detailed discussion of this topic in Kilpua et al. [@CR161]); high dynamic pressure (e.g., Palmroth et al. [@CR231]; Myllys et al. [@CR219]), enhanced ULF wave power causing enhanced viscous interactions at the magnetopause (e.g., Borovsky and Funsten [@CR21]) and high Alfvén Mach numbers causing stronger compression of the plasma and field at the bow shock and the cross polar cap potential saturating at larger driving electric fields than during low Alfvén Mach number conditions (e.g., Borovsky and Birn [@CR20]; Myllys et al. [@CR219]). Large-scale fluctuations in the IMF north-south component could also build the ring current up more efficiently than a smoother driver of similar magnitude due to periodic trapping of the particles in the ring current region (e.g., Kamide et al. [@CR148]). However, as the ICME encounters last, on average, longer than the sheath encounters, the total energy input into the magnetosphere is typically larger during the ICME than during the sheath region. In addition, the importance of ICME versus sheath or their combination as storm drivers varies with solar cycle (e.g., Zhang et al. [@CR327]; Echer et al. [@CR72]). Sheaths are the most geoeffective structures in the ascending phase of the solar cycle and near solar maximum, while the relative geoeffectivity of the ICMEs increases in the declining phase of the solar cycle. This could be partly related to the fraction of MCs from all ICMEs being considerably larger near weaker solar activity times than at solar maximum, see Sect. [2.2](#Sec4){ref-type="sec"}.

When the storm driver is defined as the structure during which the peak of the geomagnetic index is reached, the sheath regions are equally, or even more, effective in driving the storms than the ICMEs. In particular, a significant number of ICME-related storms are pure sheath-induced storms (e.g., Tsurutani et al. [@CR299]; Huttunen et al. [@CR129]; Huttunen and Koskinen [@CR128]). The left-hand part of Fig. [33](#Fig33){ref-type="fig"} compares the efficiency of different drivers, shocks/sheaths, non-MC ICMEs (ejecta), and magnetic clouds, in driving the peak of the major magnetic storms as determined by the Dst index. Taken together, non-MC ICMEs and MCs account for about half of the intense storms (Dst $\documentclass[12pt]{minimal}
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In reality, the solar wind structures driving the storms are often complex and consist of multiple components. Most typical are storms where both the sheath and the ICME have a significant contribution, and storms that are driven by multiple interacting ICMEs. A significant fraction of ICMEs are also followed by a fast solar wind stream, which in particular can prolong the storm recovery phase. As we discussed in Sect. [5.4](#Sec23){ref-type="sec"}, geoeffectivity of an MC with north to south rotating field can be greatly enhanced if it is followed by a fast stream that compresses the southward field in in the ICME's rear part (Fenrich and Luhmann [@CR79]; Kilpua et al. [@CR156]; Benacquista et al. [@CR18]). We discussed in Sect. [5.4](#Sec23){ref-type="sec"} that in some cases a shock of an ICME may propagate into the preceding ICME. A statistical analysis by Lugaz et al. ([@CR194]) indicates that 39% (19 out of 49) of shocks propagating inside ICMEs are associated with an intense geomagnetic storm. A general conclusion is that southward interplanetary field is required before storm activity commences, whether as a part of a smooth rotation or as a part of a strongly fluctuating sheath region. As sheaths and MCs are macro-scale structures, the timing of a storm can differ over one day depending on in which part of the structure(s) the southward fields are embedded.

ICMEs/sheaths as drivers of auroral zone activity {#Sec26}
-------------------------------------------------

The auroral zone activity can be indexed using the auroral electrojet indices AL, AU, and AE determined from ground-based magnetometers in the auroral latitudes (e.g., Mayaud [@CR206]). AL characterizes the westward current in the auroral zone ionosphere, AU the eastward current. AE is the difference AU--AL (note that AU is positive and AL negative). Figure [34](#Fig34){ref-type="fig"} shows the AE response to the sheath, the MC, and the front and rear region of the MC (i.e., the regions that show ICME signatures, but that are not MCs; recall these definitions from Sect. [2.3](#Sec5){ref-type="sec"}). The horizontal axis shows the time in hours when AE index exceeds 1000 nT (indicating strong activity in the auroral region) and the vertical axis the peak AE value (when $\documentclass[12pt]{minimal}
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                \begin{document}$$> 1000$$\end{document}$ nT) during the given structure. The figure shows that while all structures may lead to a significant high-latitude activity, MCs are the most typical drivers of the longest periods of intense AE activity. This is expected as their passages past the Earth last on average clearly longer than the passage of the sheaths, front or rear regions. In turn, sheaths, and also front regions, cause together with MCs the largest peak AE values. The rear regions are the least geoeffective structures as they have on average weaker magnetic field magnitudes than the other investigated structures (Kilpua et al. [@CR158]).Fig. 34High-latitude response to sheaths (black diamonds), MCs (red stars), and the MC front (green triangles) and rear regions (blue squares). The data set consist of the same 79 events from 1996 to 2009 as analyzed in Kilpua et al. ([@CR158]). The plot shows the maximum AE as a function of total time when AE $\documentclass[12pt]{minimal}
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The strong response of auroral region current systems to some sheath passages is also shown in the left panel Fig. [33](#Fig33){ref-type="fig"}, i.e., the majority of storms with the largest Kp values are related to sheaths (auroral currents have a major contribution to the Kp index). Figure [31](#Fig31){ref-type="fig"} also shows that during our example storm event the AE index had remarkably high values during the turbulent sheath region although Dst was not significantly depressed. Note that auroral activity continues at the similar level throughout the MC when the intense Dst storm occurs. The relatively strong response of auroral currents to sheaths is also evident from the right-hand part of Fig. [33](#Fig33){ref-type="fig"} where it is shown that sheath-driven storms (asterisks) were generally associated with larger Kp values than ICME-driven storms (crosses).

The large-amplitude magnetic field fluctuations and the overall turbulent nature of the sheath regions can effectively enhance the Region 1 field-aligned currents coupling the magnetosphere and its outer boundary layers to the ionosphere, and thereby drive strong activity at auroral latitudes. Such fluctuations are also effective in triggering magnetospheric substorms, which drive auroral activity through the substorm current wedge associated with the magnetospheric reconfiguration process (e.g., Baker et al. [@CR13], and references therein). At times, the sheath encounters can cause "high-latitude storms" that are associated with strong auroral latitude activity even if the ring current or radiation belt signatures of a storm would be missing (Huttunen and Koskinen [@CR128]).

Strong ionospheric currents associated with high AE cause space weather effects on ground. The space and time varying electric currents produce a varying magnetic field at the Earth's surface, which in turn induces an electric field in the crust and upper mantle of the Earth. This electric field drives geomagnetically induced currents (GIC), which seek the highest conductivity paths, and thereby penetrate to long man-made conductors such as power transmission systems, communication cables, or natural gas pipelines in the high-latitude regions (e.g., Pulkkinen [@CR239]). The voltage instabilities created by these currents can lead to damage to transformers connected to power grids, cause failures of connections in telecommunication cables, and result in corrosion in long pipelines if the currents flow between the pipeline and the insulating ground. Furthermore, the increased electron density and highly structured currents in the ionosphere can cause disturbance or loss of radio signals, and modify the signal from global navigation satellite systems such as the GPS and GALILEO fleets, thereby causing inaccuracies in positioning applications (e.g., Prikryl et al. [@CR237]; Schrijver et al. [@CR279]).

ICMEs/sheaths as drivers of radiation belt electron flux variations {#Sec27}
-------------------------------------------------------------------

Van Allen radiation belts are composed of energetic charged particles encircling the Earth extending from a distance of a few hundred kilometres above the Earth's surface to beyond the geostationary orbit. The bottom panel of Fig. [35](#Fig35){ref-type="fig"} from Li et al. ([@CR182]) shows the 27-day averaged $\documentclass[12pt]{minimal}
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Despite the recent progress many outstanding questions in the field remain and even predicting the overall response of the belts is still challenging. Figure [35](#Fig35){ref-type="fig"} shows that while there is a good general agreement between the occurrence of geomagnetic storms (as measured by the Dst index) and relativistic electron flux enhancements, the relation is highly complex. A given geomagnetic storm can lead to enhancement of the electron fluxes, depletion of the electron population, or have no effect on the flux levels (Reeves et al. [@CR244]). Any response during a storm is a complex combination of depletion associated with rapid reconfiguration and changes in the electron drift paths, acceleration processes associated with magnetotail reconnection events and with induced electric fields during substorms, and acceleration and loss processes associated with wave--particle interactions, including ULF, electromagnetic ion cyclotron (EMIC), VLF chorus and plasmaspheric hiss waves (e.g., Summers et al. [@CR292]). Early works by Paulikas and Blake ([@CR232]) recognized the role of high-speed solar wind in creating electron flux enhancements of the outer Van Allen electron belt, but the response is much more subtle than being a simple function of speed (e.g., Reeves et al. [@CR245]).

Shocks, sheaths and ICMEs/MCs have all distinct effects on radiation belts. First, the impact of the shock to the magnetosphere will launch a magnetosonic wave that propagates in the magnetosphere and the associated induced electric field can rapidly accelerate electrons to MeV energies (e.g., Foster et al. [@CR83]; Kanekal et al. [@CR149]). In particular, if the drift velocity of an electron matches the speed of the magnetosonic wave, the electron can "surf" on the wave and attain very high energies. The sheath regions in turn cause typically significant depletions of electron fluxes (e.g., Hietala et al. [@CR118]; Kilpua et al. [@CR159]). This strong depleting tendency stems from the enhanced ULF wave power and dynamic pressure causing pitch angle scattering and radial diffusion, which combined with the highly compressed dayside magnetopause efficiently removes electrons from the belts. Although depleting processes clearly dominate during sheath passages, the sheaths are typically associated with strong substorm activity that can lead to effective injection of seed electrons into the radiation belt region (e.g., Li et al. [@CR179]), as discussed in Kilpua et al. ([@CR159]). These seed electrons may be energized by the later processes.

Similar to the overall geomagnetic storm characteristics the detailed response of the radiation belt electron fluxes to the MC depends strongly on its flux rope type, if present. If the flux rope has northward field, it can add to the depleting effect of the sheath, causing particularly long-lasting drop-outs of the high-energy electrons and magnetospheric quiescence (e.g., Alves et al. [@CR8]). Sustained southward field in the MC will in turn erode the magnetosphere, enhancing the electron losses at the magnetopause, but as the MCs have generally lower dynamic pressure and lower ULF wave power, the losses are not as pronounced as during the sheaths (Kilpua et al. [@CR159]). On the other hand, the large-scale convection generates a seed particle population in the inner parts of the magnetotail, which can later be accelerated by a multitude of processes to relativistic energies. As shown by Kilpua et al. ([@CR159]) the electron fluxes start typically rise during the end part of the fast ICMEs that have strongly southward magnetic fields. If a fast solar wind stream follows the ICME, the main enhancements, however, occur typically during this fast stream. All these results are consistent with studies emphasizing that the overall electron flux enhancements require sustained (up to several days) acceleration (e.g., Mann et al. [@CR202]). The energetic electrons can stay at and inside the geostationary orbit for several weeks.

The shocks, sheaths and ICMEs have thus a major role both in removing relativistic electrons from the Van Allen belts (also including scattering to the atmosphere, see the next section) and in contributing to their generation, in particular by providing the seed population for further acceleration. As discussed earlier in this section fast and strong ICMEs (including also sheaths and shocks) were present in those cases where high-energy electrons penetrated deep into the belts.

In particular, the relativistic "killer" electrons within the Earth's outer radiation belt are highly effective in producing a variety of space weather hazards to satellites and their systems in high-altitude space, as electronic components and many other materials degrade due to persistent irradiation. High-energy electrons can penetrate through the spacecraft shielding and get access to dielectric materials, which can over time lead to discharges that can be hazardous to the components or even entire subsystems (e.g., Horne et al. [@CR123]; Baker and Lanzerotti [@CR12]).

Since, as highlighted above, radiation belt electron flux dynamics differ for shocks, sheaths and MCs (including their flux rope types) it is important to understand better both their short and long-term effects, and the typical sequences at which they arrive. Other highly important aspects that also need to be studied more thoroughly include the short- and long-term electron flux responses from interacting ICMEs, where multiple (often merged) shocks, sheaths and ICMEs drive variations in the geomagnetic field.

ICMEs/sheaths as drivers of atmospheric effects {#Sec28}
-----------------------------------------------

The magnetospheric magnetic field is eroded and compressed during the ICME impact, but it still always protects the neutral atmosphere and ionosphere from the direct interaction with the solar wind. On the other hand, very high-energy particles originating from solar eruptions or ICME shocks easily cross the magnetic shield and can reach lower layers of the atmosphere, the mesosphere, at about 50--90 km altitude and down to the stratosphere at about 20--50 km (e.g., Seppälä et al. [@CR284]). Most of these particles are SEPs accelerated at CME-driven shock waves either near the solar surface or further out in interplanetary space. Another indirect linkage is through the precipitation of particles that have been accelerated in the magnetosphere as response to ICMEs, as described in Sects. [6.1](#Sec25){ref-type="sec"} and [6.3](#Sec27){ref-type="sec"} (radiation belt electrons and ring current ions). In particular, we pointed out in Sect. [6.3](#Sec27){ref-type="sec"} that ICME-driven sheath regions cause strong and prolonged depletion of radiation belt electron fluxes and a significant population may be lost to the atmosphere, e.g., by pitch-angle scattering due to interactions with the ULF waves.

The inclusion of the precipitating radiation belt high-energy electron population is one of the key current efforts in climate models (e.g., Andersson et al. [@CR9]; Seppälä et al. [@CR284]). This emphasizes the importance of ICMEs for understanding atmospheric chemistry and resulting climatological effects. Increasing electron precipitation and SEPs increases the production of HO$\documentclass[12pt]{minimal}
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                \begin{document}$$_\mathrm{x}$$\end{document}$ in the atmosphere (e.g., Verronen et al. [@CR307]; Mironova et al. [@CR210]). These are important reactive gases for the ozone balance in the middle atmosphere. Strong precipitation from the radiation belt and SEPs can hence lead to significant ozone loss and contribute also to the cooling of the stratosphere. There is also a strong potential for improved understanding of such local atmospheric processes when the roles of the shock, sheath and the flux rope are distinguished as different parts of the external driver.

Yet another significant, though little explored, space weather contribution from ICMEs is related to their potential to affect the overall conditions (density, composition, temperature, winds) of the Earth's atmosphere above a few hundred km under different solar and geomagnetic conditions (e.g., Guo et al. [@CR113]). Close study of the orbits of satellites in low Earth orbits and of satellites that have perigees at the few hundred km altitude range yield data that provide this atmospheric information. For example, CHAMP observations have shown significant changes in response of atmospheric densities to ICMEs (Forbes et al. [@CR80]). Recently, Krauss et al. ([@CR165]) made a statistical analysis of the thermospheric neutral density content during ICME impacts. The authors found significant density enhancements, up to a factor of eight, as a response to ICMEs and a strong correlation with the magnitude of the enhancement and the magnitude of the southward magnetic field in the ICME. These data are needed and are used in models for the prediction of the obits of satellites and space debris around the Earth and any planetary body with an atmosphere. Statistical analysis by Chen et al. ([@CR46]) based on the CHAMP data showed that satellite orbit decay rates are typically larger during ICME-associated geomagnetic storms than those driven by SIRs, but longer duration of SIRs lead to overall greater decays.

ICMEs and other planetary atmospheres {#Sec29}
-------------------------------------

Planetary space weather is becoming increasingly important (e.g., Plainaki et al. [@CR236]; Lilensten et al. [@CR183]). Growing numbers of spacecraft explore our Solar System planets and concrete plans for future manned deep space missions are emerging. In addition, studies of planetary space weather can shed new light on many fundamental plasma physical processes and help to understand how astrophysical objects interact with their plasma surroundings. ICMEs have a key role in these studies. The nature of the interaction between ICMEs and the planets varies greatly with the evolution of the ICME properties with the distance from the Sun (see Sect. [5](#Sec19){ref-type="sec"}) and with the very different characteristics of magnetic fields and atmospheres of different planets.

Maybe one of the most important ICME-induced consequences concerning planetary space weather is their potential to enhance the ionospheric and atmospheric loss to space. Some of the planets do not have protecting global magnetic fields. For example, Venus and Mars have induced magnetospheres that form when the solar wind interacts directly with the planet's ionosphere leading to significant losses from their ionosphere and atmosphere by various mechanisms (e.g., Dubinin et al. [@CR69]). The process that is particularly important during the ICME encounter is the pick-up of ionospheric ions (mostly hydrogen and oxygen) by the solar wind motional electric field. As discussed earlier in this review, ICMEs can induce strong $\documentclass[12pt]{minimal}
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                \begin{document}$$-\mathbf{V}\times \mathbf{B}$$\end{document}$ electric fields due their high speeds and enhanced magnetic fields. To maintain the pressure balance, the lost ions in the ionosphere are replaced from the neutral atmosphere, and the effects can be linked down to the surface of the planet. Another ICME-related mechanism is the atmospheric sputtering where a neutral atom obtains enough energy from a high-energy charged SEP to escape the gravitational binding. Both these processes can be enhanced when solar EUV and X-ray radiations are strong, as they heat the atmosphere. Some of the picked-up ions can also precipitate back to the atmosphere and enhance the sputtering.

Space probes like Pioneer Venus Orbiter, Mars Express, Venus Express and the recent Mars Atmosphere and Volatile Evolution (MAVEN) spacecraft have revealed that ion losses from the ionosphere to space can be enhanced by an order of magnitude due to the ICME interaction (e.g., Luhmann et al. [@CR196]; Futaana et al. [@CR85]; Jakosky et al. [@CR138]). Figure [36](#Fig36){ref-type="fig"}, from Jakosky et al. ([@CR138]) compares the outward and inward heavy ($\documentclass[12pt]{minimal}
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                \begin{document}$$> 9$$\end{document}$ amu) ion fluxes from the Martian atmosphere as a function of solar zenith angle measured by MAVEN during an event on March 8--9, 2015 caused by two interacting ICMEs (red diamonds, blue diamonds give the median) to four-month median fluxes (solid curve, the dashed curves show the first and fourth quartiles). We note that based on the solar wind data shown Jakosky et al. ([@CR138]) these ICMEs were not merged into a complex ejecta, but their individual rotations can be distinguished. At the dayside (small zenith angles) outward fluxes are strongly enhanced during the ICMEs. As stated in Jakosky et al. ([@CR138]) this region is usually dominated by inward flows and the fluxes during this ICME were the strongest identified during the MAVEN lifespan so far. The results presented in Jakosky et al. ([@CR138]) imply that ICMEs and the associated SEPs can dramatically alter the overall morphology and dynamics of the magnetosphere, ionosphere and upper atmosphere of Mars.Fig. 36Atmospheric loss at Mars during encounters with ICMEs (red diamonds, blue show the median) compared to integrated loss through the mission duration (solid: median, dashed: first/fourth quartiles) as a function of solar zenith angle.Image reproduced by permission from Jakosky et al. ([@CR138]), copyright by AAAS

We emphasize that separation of different ICME structures may also be of key importance for understanding the atmospheric effects. While the ICME flux rope proper can induce a strong and sustained motional electric field leading to significant pick-up losses, sheaths have high dynamic pressure that allows direct interactions to occur much closer to the surface of the planet. Solar wind pressure pulses have indeed shown to enhance the atmospheric loss both from Mars (e.g., Edberg et al. [@CR73]) and from Venus (e.g., Edberg et al. [@CR74]). However, the effects from fluctuating (sheath) versus smooth (flux rope) electric fields for the atmospheric escape have not been studied yet.

During its early days the Sun was considerably more active than today (e.g., Wood et al. [@CR322]). Flares and CMEs of several orders of magnitudes larger than those released from the present Sun swept past the planets frequently. The fluxes of X-ray and UV emission, and SEPs were also much higher. These strong eruptions from the young Sun likely had a crucial role in the evolution of the atmospheres of the weakly magnetized planets, and could have even stripped away most of the atmosphere of Mars (e.g., Luhmann et al. [@CR196]; Jakosky et al. [@CR138]). The successive super-eruptions may have also affected significantly the atmosphere of the Earth. Simulations constrained by the Kepler Space Telescope observations suggest that the magnetospheric compression by ICMEs allowed energetic particles to penetrate deep into the atmosphere, affecting pre-biotic chemistry and atmospheric warming of the early Earth (Airapetian et al. [@CR4]) .

ICMEs beyond the Solar System {#Sec30}
-----------------------------

Stellar eruptions are by no means restricted to our Sun. The interest in effects of stellar CMEs and flares is quickly emerging as increasing numbers of Earth-like exoplanets are found in the habitable zones. These include a planet around the M-type dwarf star Gliese 876 (Rivera et al. [@CR268]), Proxima b, circling around the Sun's closest stellar neighbour Proxima Centauri (Anglada-Escudé et al. [@CR10]), and the recent finding of seven terrestrial planets around TRAPPIST-1 (Gillon et al. [@CR90]). The upcoming James Webb telescope can yield important information of their atmospheric constituents, and hence, find proxies for possible life. However, the atmospheres of these planets may be significantly influenced due to erosion as response to stellar eruptions (e.g., Airapetian et al. [@CR5]).

CMEs and flares at other stars can be considerably more frequent, and several orders of magnitude more powerful, than at the Sun. Such super-CMEs and superflares can affect significantly the exoplanets, even their possibility to harbour life. Several Earth-like exoplanets are found circling around low-mass and cool M-type stars that are fully convective. They have remarkable magnetic activity indicated by large sunspots and strong optical flares as well as strong accompanying X-ray, ultraviolet, and radio emission. The habitable zones of such stars are typically at relatively close orbital distances. The planets in this region become tidally locked, and therefore, they rotate slowly and have relatively weak magnetic moments. As a consequence, they are particularly susceptible to effects of stellar eruptions, and even their whole atmosphere may be lost due to ICME interactions (e.g., Khodachenko et al. [@CR153]; Lammer et al. [@CR168]).Fig. 37Blue-wing enhancements (shown by arrows) in dynamic $\documentclass[12pt]{minimal}
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                \begin{document}$$\hbox {H}_{\alpha }$$\end{document}$ region. The vertical axis shows the time in Heliocentric Julian Days (HJD), starting from 2453603.70.Image reproduced by permission from Vida et al. ([@CR308]), copyright by ESO

While stellar flares can be detected, e.g., from optical light curves and X-ray observations there is no practical way yet to observe stellar CMEs. In addition, in-situ observations of stellar ICMEs will remain impossible until unforeseeable future. Some possible detections of stellar CMEs have been made through long-term spectrophotometric observations of Doppler shifted emission in $\documentclass[12pt]{minimal}
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                \begin{document}$$\hbox {H}_{\alpha }$$\end{document}$ spectra in Fig. [37](#Fig37){ref-type="fig"} from Vida et al. ([@CR308]) shows three distinct blue-wing enhancements that occurred in association with flares on a M4 dwarf V374 Pegasus. These blue-wings could hence signal the mass carried away from the star by a CME associated with a flare.
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                \begin{document}$$^{-1}$$\end{document}$. These are comparable numbers to the typical masses and speeds of solar CMEs (see e.g., the LASCO CME catalogue[9](#Fn9){ref-type="fn"}). However, much more massive and faster stellar CMEs have been speculated based on the solar flare/CME scaling laws (e.g., Aarnio et al. [@CR1]; Drake et al. [@CR66]), e.g., masses reaching up $\documentclass[12pt]{minimal}
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                \begin{document}$$^{-1}$$\end{document}$. The estimated CME rate by Vida et al. ([@CR308]) using the V374 Pegasus X-ray luminosity was 15--60 eruptions per day, considerably higher than for the Sun (0.5--10 CMEs per day depending on the solar cycle phase). The recent more extensive surveys have, however, reported much less stellar CMEs than expected (Korhonen [@CR163]). Some fraction of CMEs might skip the detection due to projection effects and/or too low densities, but it could also be possible that strong magnetic fields of active stars suppress the CMEs and prevent them from erupting (Drake et al. [@CR65]).

Another possibility to search for stellar CMEs, and estimating their speeds, is through type II radio bursts generated at their shock waves. Such signals could be detected, e.g., with the Low Frequency Array (LOFAR) (e.g., Crosley et al. [@CR55]). However, the Sun will remain for a long time our only source of direct information on CMEs and the studies on CME-induced effects on exoplanets have to rely largely on scaling laws derived using flare--CME and CME--ICME relationships from the Sun and our Solar System. It is also an interesting open question how strong sheath regions stellar ICMEs may have. In magnetically active stars, the likelihood of CME--CME interaction may also increase dramatically. It is well-documented in our Solar System (Liu et al. [@CR189]) that the strongest magnetic fields and speeds in ICMEs are typically associated with interacting CMEs. Frequent interactions between super-CMEs may put exoplanets under very fierce forcing.

Concluding remarks {#Sec31}
==================

Interplanetary coronal mass ejections are the most prominent transient structures in the heliosphere. Their paramount importance for space weather and coronal magnetic fields, as well as fundamental plasma physical interest keeps them at the a major focus of heliospheric research. We have here discussed their properties and signatures, a wide range of modelling efforts, evolution in the heliosphere and with solar cycle, and their consequences at Earth and other planetary space environments.

ICMEs have now been studied over several decades using a variety of spacecraft and instrumentation. While our knowledge of these gigantic structures has gradually grown, a number of major open questions remain. Even the identification of ICMEs in solar wind observations is often ambiguous, and their global configuration is not yet fully understood. Strong evidence suggests that the ICMEs can be described as flux rope loops, but alternative morphologies like a spheromak or writhed fields cannot be totally excluded. Moreover, the integrity of the ICME flux rope structure has also been questioned in recent studies. Multi-spacecraft observations with a range of separations are crucial for solving these issues. As ICMEs are vast structures (diameters being a significant fraction of the astronomical unit), single spacecraft observations give only very limited information on their properties. Unfortunately, only a few cases of multi-spacecraft encounters with comprehensive data are available today.

A major point in this review has been to highlight the sheath and ICME as separate structures. As we have discussed in this review these structures have distinctly different properties and geospace responses. Both better understanding of the physics and improved forecasting of space weather benefit from distinguishing the effects from these structures.

We also emphasised that the flux rope is sometimes embedded within a more complex ICME. A key question in the field is how these different structures (including layered sheath region) form and how remote-sensing and in-situ CME observations are connected. It is also clear that the diversity of ICMEs is a significant challenge to their comprehensive understanding and modelling.

The next decade looks vibrant for the ICME research. Two key missions, ESA's Solar Orbiter and NASA's Solar Probe Plus, will record ICMEs at varying distances in the heliosphere. Solar Probe Plus will plunge as close as ten solar radii from the Sun. An opportunity to witness ICMEs this close to the Sun will likely shed new light on many important questions, in particular related to their evolution and intrinsic morphology. Planetary missions like BepiColombo to Mercury will also provide chances for multi-spacecraft ICME observations and new information how ICMEs affect different planetary space environments.

In this review the term CME refers to observations in the corona and to the phenomenon as a whole, whereas ICME is reserved to the interplanetary observations and properties of the propagating ejecta.

<http://www.srl.caltech.edu/ACE/ASC/DATA/level3/icmetable2.htm>.

We note that the term "MC" is often used in a more relaxed manner, and the events with significantly shorter durations than one day and weaker peak magnetic fields than 10 nT are often counted as MCs see e.g., Lepping et al. ([@CR176]) and the Richardson and Cane ICME list.

[http://www-ssc.igpp.ucla.edu/\~jlan/ACE/Level3/ICME_List_from_Lan_Jian.pdf](http://www-ssc.igpp.ucla.edu/%7ejlan/ACE/Level3/ICME_List_from_Lan_Jian.pdf).

<http://www.srl.caltech.edu/ACE/ASC/DATA/level3/icmetable2.htm>.

<https://www.helcats-fp7.eu>.

In the adiabatic process the temperature relates to density as $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$T \propto n^{\gamma _e-1}$$\end{document}$.

[ipshocks.fi](http://ipshocks.fi).

<https://cdaw.gsfc.nasa.gov/CME_list/>.
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